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ABSTRACT
In dipping, water-drive reservoirs, substantial incremental oil can be produced 
using gravity-assisted gas injection improved recovery processes. These processes 
include the Double Displacement Process (DDP) and the Second-Contact Water 
Displacement (SCWD). The efficiency of these processes depends, in part, on phase 
distribution in the pore space after gas injection which in turn depends on interfacial and 
surface tensions (IFT) of the phases involved.
The research described here-in pertains to experimental work performed to 
investigate various aspects of the DDP and the SCWD in both homogenous and 
heterogeneous rock types with dead oil/nitrogen and recombined-oil/methane fluid 
systems. Additional work was performed with transparent cells in order to visualize 
mobilization and displacement of residual oil. Measurements of interfacial tension were 
also performed to predict phase distribution within the pore space.
Based on experimental investigation, the DDP and SCWD processes were found 
to be efficient methods of incremental oil recovery. Transparent cell experiments 
provided insight into the mechanisms of the DDP and SCWD processes. These 
experiments support the presumption of film flow of water displacement residual oil. 
Existing IFT measurement techniques were adapted to provide rapid and convenient 
measurement at high-pressure and high-temperature conditions. The interfacial and 
surface tension properties of several fluid systems were investigated under reservoir 
conditions with different injection gases. The relative convenience of these IFT 
measurements opens the way to the development of an empirical screening criteria 
needed in the selection of reservoirs suitable for DDP and SCWD processes.
x
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CHAPTER 1 
INTRODUCTION
Modem civilization would be hard to imagine without petroleum products. 
Since petroleum resources are non-renewable, at least within human measures of 
there is an urgent need to produce existing hydrocarbon reservoirs in the most efficient 
way. Conventional methods (Primary Recovery) using the natural reservoir energy, are 
capable of recovering up to about one third of the initial oil-in-place, leaving two thirds 
unrecovered. This remaining oil is a target for various Secondary and Improved Oil 
Recovery (IOR) techniques.
Secondary Recovery techniques, most frequently water or gas injection, 
displace additional oil approximately doubling the production obtained using 
conventional techniques. Tertiary Recovery methods target oil left behind in the 
reservoir when secondary techniques reach economical limits. Tertiary methods may be 
generally classified into three groups:
1. Thermal methods:
steam injection 
in situ combustion
2. Chemical methods:
micellar - polymer flooding 
polymer flooding 
caustic flooding
3. Gas methods:
I
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2Well-to Well Displacement 
Cyclic Stimulation (Huff-n-Puff)
Gravity Drainage
Attic Oil Recovery
Double Displacement Process (DDP)
The research described in this thesis investigates a new process, SCWD, which 
could be considered an extension of the updip gas injection process, also known as 
DDP. Both processes utilize gas injection into naturally-waterflooded, water wet, 
steeply dipping, high-permeability reservoirs containing light oil. The oil trapped 
behind the advancing water front stays in the reservoir unrecovered. A portion of the 
residual oil is in the shape of oil blobs. Oil is also left behind the waterfront as 
bypassed pockets created due to non-uniform displacement efficiency. DDP and SCWD 
make use of the difference in residual oil saturation in presence of water and in 
presence of gas. The remaining oil saturations average 50% for water displacement and 
10% for gas displacement in reservoirs common in the Gulf of Mexico basin.
hi a time when the primary and secondary oil production from most of the 
domestic oil reserves approach their economical limits, the need for some cheap and 
effective IOR technologies becomes very urgent This work was one of the attempts to 
answer that challenge.
The objective of this work was to develop a cheap, low risk IOR method 
applicable to wide range of reservoirs including small reservoirs, sometimes with only 
one well present After SCWD method was discovered while investigating DDP, the 
research was focused on investigating several aspects closely related to field operation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of such injection project and also developing some screening criteria for candidate 
reservoir selection.
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CHAPTER 2 
LITERATURE SURVEY
2.1 Introduction
Second Contact Water Displacement (SCWD) is considered to be an extension 
of Double Displacement Process (DDP). SCWD will be treated in conjunction with 
DDP since most of the published material pertains to DDP or to related gravity-assisted 
gas injection processes.
The DDP involves gas displacement of a water-invaded oil column (Carlson, 
1988) in order to mobilize and produce incremental oil. The incremental oil results 
from the difference in residual oil saturation in the presence of water as compared to 
that in the presence of gas. To recover this oil, an updip gas injection is performed. 
Gravity stable displacement causes the formation of an oil bank which collects oil as it 
migrates downward in the reservoir towards the producing well. A simplified 
schematic of a DDP candidate reservoir is shown in Fig. 2.1.
Gas injection will help to mobilize oil until the oil-water contact returns to its 
initial position at the beginning of reservoir production. For a favorable set of 
conditions, incremental oil recovery on the order of 40% of the initial oil-in-place may 
be recovered using DDP. The schematic of the reservoir subjected to DDP is shown in 
Fig. 2.2.
When conditions are favorable, the duration of the DDP may be shortened by 
introducing SCWD. SCWD is an extension of the DDP and in principle follows 
injection of gas for double displacement (DDP) with down-dip water invasion,
4
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preferentially from a strong water aquifer. Schematic of the SCWD is shown in 
2.3.
Original OWC
Fig. 2.1 Schematic of the DDP Candidate Reservoir.
Flaw t e r  tar
Fig. 2.2 Schematic of the Double Displacement Process.
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Fig. 2.3 Schematic of the SCWD Process.
2.2 Principles of the Process
Residual oil is left behind a waterfront because it is bypassed or trapped by 
capillary retention forces that are greater than the forces applied during the water 
encroachment. Residual oil may be in contact with the surface of the pore network (oil 
- wet rocks), trapped as globules surrounded by water contacting the pore network 
surface (water - wet rocks) or a combination of the preceding may occur when portions 
of the reservoir are water-wet and others are oil-wet (Holm 1986).
In order to be able to recover waterflood residual oil, we must restore 
permeability to oil which was initially zero in the presence of water. By injecting gas, 
some of the excessive water is displaced from pores where oil globules are trapped. 
Also due to the higher mobility of gas, regions unswept by water may be penetrated. 
For initially water-wet systems with oil trapped in the pores, introduction of a gas 
phase creates conditions for three phase flow as shown in Fig. 2.4. Normally, when gas
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
enters a pore containing a residual oil blob, capillary forces cause oil to spread between 
water coating the pore wall and the gas bubble occupying the center of the pore. This
Fig. 2.4 Single Pore Scale Gas Displacement of Water Residual Oil. 
creates conditions for bulk-oil film-flow to reconnect the oil in the gas invaded zone. 
The reconnected oil flows downward due to gravity forces and creates an oil bank. As 
more gas is injected, the existing oil bank reconnects waterflood-residual oil blobs in 
the zone immediately below it At the same time some oil initially present in the oil 
bank is left behind. This residual oil can later be mobilized by bulk-oil film-flow when 
gas invades this portion of the reservoir.
Two types of displacement are distinguished. First, when the gas front 
progresses slowly, an oil bank is formed and no movable oil is left behind the gas front. 
Second, when the gas front advances more rapidly, residual oil blobs are bypassed. In 
the second case, under favorable conditions the isolated oil blobs can be reconnected to 
form a continuum which can be efficiently displaced (Kantzas et al, 1988a). To 
maintain oil bank growth, the amount of oil bypassed by the oil bank must be lower 
than the quantity of oil mobilized by bulk film-flow and reconnection of waterflood 
residual oil due to passage of the oil bank (Dullien Catalin, 1994).
Stagal Stag* 2 Stags 3 Stags 4
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82.3 Parameters Governing the Process
2.3.1 Gravity Drainage
Gravity drainage is an oil recovery process in which gravity acts as the main 
driving force for mobilization of oil with gas replacing the voidage volume (Hagoort 
1980). Oil gravity drainage may occur as a secondary process, when gas displaces 
continuous oil column, or as a tertiary process when gas injection causes mobilization 
of oil trapped within the water zone.
Oil gravity drainage process is controlled by fluid density difference, reservoir 
dip, fluids viscosity, and oil effective permeability. Since basic principles governing 
the oil gravity drainage and ultimate recovery efficiency for both secondary and tertiary 
process are similar, these processes will be reviewed together.
The simplified method of predicting reservoir behavior for gravity assisted gas 
displacement was presented by Richardson and Blackwell (1970). Dietz’s method 
(Dietz 1953) was used to predict the gas-oil interface tilt angle resulting from gas 
injection and the Welge (Welge 1952) procedure was used to solve the fractional flow 
equation.
The oil-gas interface tilt angle is given by:
tan p -
r  \  u
1 —
V “ C y
tan a  Eq.2.1
where:
a  = formation dip angle 
u = oil withdrawal rate
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uc = critical oil rate, given by 
OQAAkApsma
uc ~  Eq. 2.2
kor kgr
where:
uc = critical oil flux, cu ft/Day-sq ft
k = absolute permeability, Darcies
kor= relative permeability to oil, Darcies
kgr -  relative permeability to gas, Darcies
[l0 = oil viscosity, cp
Ho = gas viscosity, cp
Ap = density difference, Ibs/cu ft
a  = formation dip angle (For vertical core, a  = 90)
The fractional gas flowing stream is given by:
Fg= [l+Wor Apsinay^lKfl+Ckor^/Ckgdio)} Eq. 2.3
where:
Fg — fraction of the flowing stream that is gas 
qr = total flow rate, cu ft/Day
For an isotropic permeability distribution, the oil flow in the gas invaded zone 
will occur due to gravity forces and will be in the vertical direction. In the case of 
anisotropic permeability distribution as depicted in Fig. 2.5 (Ypma, 1985), the flow will 
be at angle y given by:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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tany  - ~ c t n a  Eq. 2.4
kh
where
kv = absolute vertical permeability 
kit = absolute horizontal permeability 
a  = reservoir dip angle
rooc;x
Fig. 2.5 Gravity Drainage in the Reservoir with Anisotropic Permeability Distribution.
Dumore and Schools (1974) investigated drainage capillary pressures in 
presence of water using Bentheim sandstone core samples. They observed that at 
sufficiently high gas-oil capillary pressure in presence of connate water very low 
residual oil saturations are obtained. They also observed low residual oil saturations in 
cases where oil spread over water in presence of gas and also when it did not spread, hi 
addition, they speculated that the rate of oil drainage is governed by film flow after the 
period of main oil production and that contribution of film flow is negligible in 
secondary gas caps over the production lifetime of a reservoir. They also suggested that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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t
film flow may play a role in high permeability rocks over short distances, and in case of 
primary gas caps, where oil film flow was acting over geologic periods of time.
Hagoort (1980) performed extensive gas/oil centrifugal displacement studies 
and concluded that relative permeability is a critical factor to gravity drainage 
efficiency, hi addition, a method of predicting oil production both before and after gas 
breakthrough was proposed using a log-log plot of normalized oil production vs 
dimensionless time.
Naylor and Fn|>rup (1989) performed coreflood experiments in both vertical and 
horizontal cores with injected nitrogen and concluded that, in gas injection processes, 
oil recovery efficiency improves when gravity forces assist the drainage of oil. The 
final oil saturations obtained in horizontal and vertical core experiments were 50% and 
24% PV respectively. In a later study (Naylor et al, 1991), they performed high 
pressure corefloods with injected nitrogen as a gas phase and observed substantial 
reduction of residual oil saturation. They also observed a good agreement between 
relative permeability experimental data and the Corey three-phase oil relative 
permeability model for oil film drainage using a Corey Exponent equal to 3 (Corey et 
al, 1954).
Terwilliger et al (1951) studied the effect of withdrawal rate on ultimate oil 
recovery in a gravity drainage system. Single phase liquid displaced by gas in a vertical 
flow system was investigated. It was assumed that in order to maximize ultimate 
recovery, oil should drain by virtue of its own weight (“maximum gravity reference 
rate”-GRR) or slower, so the oil saturation distribution near the oil/water contact would
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
resemble the original static capillary distribution. If oil withdrawal rate is higher, more 
oil is left behind the drainage front yielding lower recovery. Experiments were 
performed in 2” ID, 13 ft long sandpack with brine as liquid phase. The saturations 
were measured by electrical conductivity without interrupting the drainage process. 
The behavior of brine was assumed to be similar to oil in the case of gas displacement 
of the continuous column and provided benefit of continuous saturation measurement 
Withdrawal rates ranging from 2.7 to 283 % of GRR were investigated, and yielded 
highest recovery of 67.9% of Brine-In-Place (BIP) at lowest withdrawal rate as 
compared to 20.7% BIP at highest withdrawal rate. Experimental results were later 
compared to an analytical model derived from Buckley-Leverett theory. Good 
agreement was obtained between experimental data and analytical model.
2.3.2 Interfacial Tension and Oil Spreading Coefficient
Interfacial tension (IFT) results from inbalance of molecular forces at the 
interface between two dissimilar phases. Commonly, the term interfacial tension is 
used to describe the tension at a liquid-liquid interface while surface tension refers to 
the tension between liquid and gas. The IFT is the measure of the force per unit length 
required to increase the area of the interface by one unit It is usually expressed in 
dynes/cm or mN/m which are numerically equal.
IFT is measured using a number of methods such as Wilhelmy Plate, Du Nouy 
Ring, Capillary Rise, Sessile Drop, Spinning Drop, Maximum Bubble Pressure, 
Oscilating Jet Drop Volume (or weight), Surface Waves and Pendant Drop. Since IFT 
measurements required by the petroleum industry often involve high pressure and high 
temperature (HPHT) conditions, the most widely used is Pendant Drop method.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Another method, Drop Volume, which is not yet available for HPHT was investigated 
as a part of this research'and yielded promising results for HPHT IFT measurement 
applications.
In Pendant Drop method , a drop hanging from a capillary tip (or a clinging 
bubble) elongates as it grows larger. The drop shape dependent quantity S = dj/d  ^[d, 
measurement is taken within de from the bottom of the drop, Fig. 2.6, (after Ambwani 
and Tomilson, 1979)] is used in calculation of the IFT (Padday, 1969).
IFT, Oi, can be calculated quickly using following algorithm (Herd et al, 1992):
d
Fig. 2.6 Pendant Drop IFT Measurement Method.
Eq. 2.5
P=0.12836-0.75775+1.771352-0.5426^
R0 = de/[2(0.9987+0.197ip-0.0734p2-0.34pi)]
Eq. 2.6
Eq. 2.7
where:
Ap = measured fluid density difference, kg/m3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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g = gravitational constant, m/s2 
de= maximum drop diameter, m
S  = shape factor, 5 = d/de, where de and ds are shown in Fig. 2.6.
An IFT measurement using Drop Volume method is made by pumping the light 
phase into the dense phase at constant flow rate. Drops form at the tip of the specially 
designed capillary, Fig.2.7, and IFT is calculated using Eq. 2.8. To avoid necessary 
corrections due to liquid that can wet and accumulate on the tip, a very sharp tip is used 
as shown in Fig. 2.7 (Gilman, 1993).
tfi = [V^pCpH-pOgKrtd) Eq. 2.8
where:
Ph = density of the heavy phase, kg/m?
Pl = density of the light phase, kg/m3 
Vdrop — volume of the drop, m3 
g = acceleration of gravity, m/s2 
d = inside diameter of the tip, m
In case of hydrocarbon mixtures, surface tension can be also calculated based on 
the composition of the mixture at given pressure and temperature. The following 
equation can be used (Katz et al, 1943):
c  f  -  - \
^•25= x ^t=i
* iP i  y  -iPv 
M l My
Eq. 2.9
where:
o  = surface tension, dyne/cm
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C = number of components
Pm  = parachor of i-th component
xi = mole fraction of i-th component of the liquid phase
pL = density of the liquid phase, g/cm3
yi -  mole fraction of i-th component of the vapor phase
pv= density of the vapor phase, g/cm3
Ml -  molecular weight of the liquid phase
M y - molecular weight of the vapor phase
The parachor is the molecular weight of the component multiplied by the fourth 
root of its surface tension and divided by the difference in density of the liquid and 
vapor in equilibrium with it. Parachor values are available from tables and graphs 
(Katz 1943).
Empirical correlations to calculate surface tension of oil were proposed by 
Baker and Swerdloff (1956). The following correlation can be used:
Heavy Phase, pH
\  . (^(rop (Ph’Pl)9 
Light Phase ] 1 ^Separation Force
P i /
<r,nd 
Adherence force
Fig. 2.7 Drop Volume Method Schematic.
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(r  -68°F)(<Ta -< r ,J
Eq. 2.1032
with
O68=39-0.2571y Eq. 2.11
and
CT100=37.5-O.2571y Eq. 2.12
where:
(168 = IFT at 68 °F
CTioo = IFT at 100 °F
y = gravity of stock tank oil, °API
If the temperature is greater than 100 deg F, Cioo should be used. If the 
temperature is lower than 68 deg F, 068 should be used. The effect of gas going into 
solution with pressure increase can be estimated by the following correction factor 
Fc = 1.0-0.024/?0'45 Eq. 2.13
where p is in psia. The corrected value is:
o 0 = Fc o t  Eq. 2.14
There is no widely accepted method of calculating water-hydrocarbon gas and 
water-oil interfacial tensions. A method of estimating gas-water IFT was presented by 
Jennings and Newman (1971) and Hocott (1939) presented a method for estimating oil- 
water IFT, but both methods are rather inaccurate. The effect of dissolved solids in 
water in both cases is unknown (McCain, 1990).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Numerous investigators pointed out the role of fluid distribution within the pore 
space. The phenomenon called spreading coefficient was found to control both gas 
displacement efficiency (Kantzas et al, 1988a and 1988b; Chatzis et al, 1988; Oren et 
al, 1992; Dullien and Catalin, 1994; Vizika and Lombard, 1996) and three phase oil and 
gas relative permeabilities (Vizika and Lombard, 1996; Kalaydjian et al, 1993).
The spreading coefficient is given by the following Equation 2.15 (Adamson,
1982):
■S'„w = < V ‘V <I° . Eq.2.15
where
S ' =  final spreading coefficient of oil over water, mN/m 
CTwg = water - gas interfacial tension, mN/m 
CT0g = oil - gas interfacial tension, mN/m 
CT0w = oil - water interfacial tension, mN/m
When S'oAv is positive, oil tends to spread on water and form a continuous film. When 
is S ’oAv negative, oil does not spread on water.
Kantzas et al (1988a) performed experiments in unconsolidated sandpacks and 
consolidated berea sandstone to investigate gravity-assisted tertiary and secondary gas 
injection processes. Soltrol oil was used as oil phase, 2% NaCl brine was used as water 
phase, and air and nitrogen were used as gas phases. They distinguished four 
displacement regimes (1) gas displacing water which in turn displaces oil, (2) gas 
displacing oil which in turn displaces water, (3) gas displacing water without displacing 
any oil, and (4) gas displacing oil without displacing any water. When gas displaced oil
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in presence of irreducible water, no water was displaced; however, when gas displaced 
residual oil to water, water was displaced. They also observed spreading of oil over 
water in presence of gas and creation of films of variable thicknesses. This continuous 
film helped to reconnect isolated oil blobs to form continuous oil phase which evolved 
into an oil bank. Ultimate recoveries in unconsolidated sandpacks were up to 99% in 
case of secondary gas injection and up to 94% when tertiary gas injection was used, hi 
their subsequent work (Kantzas et al, 1988b), micromodel and glass bead column 
experiments were performed to investigate pore scale displacement mechanisms of 
gravity-assisted inert tertiary gas injection. They concluded that water residual oil can 
be recovered by a combination of drainage and leakage mechanisms.
Chatzis et al (1988) performed tests to visualize oil film formation and its 
influence on recovery efficiency for tertiary gas injection. Square 500 mm and smaller 
capillary tubes were used to investigate the flow behavior of the wetting phase. The 
DDP was performed in 1.2 m long, 0.038 m in diameter Berea sandstone cores with 
Computer-Assisted Tomography used to visualize the development and formation of 
the oil bank. Formation of the oil film was observed between oil and gas phase. High 
oil recovery was observed for strongly water-wet porous media and positive spreading 
coefficient.
Oren at al (1992) continued the study of tertiary gas displacement mechanisms 
under strongly water-wet conditions using 2D glass micromodels containing a regular
TM
square network of intersecting capillaries. Soltrol 130 was used as the oil phase. Gas 
injections were performed with the cell positioned horizontally. Combinations of both
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positive and negative spreading coefficient systems were tested. For negative spreading 
coefficient systems, the residual oil after gasflood tended to coalesce and form ganglia 
occupying several pore spaces. They observed that for negative S’o/w this oil ganglia can 
be easily cut off by gas loops and left without being produced behind the gasfront 
Under positive spreading conditions, these ganglia will be able to drain through oil 
films. Oil recovery was substantially higher for positive SVw as compared to negative 
S’o/w. and gravity drainage was not essential for oil recovery. In case of positive S’o/w 
there was always a film separating gas and water, thus no direct gas/water interface was 
observed. He also suggested that the presence of the oil film between gas and water may 
help in gas injection processes where mass exchange between oil and gas is beneficial 
to incremental oil recovery.
Dullien et al (1994) performed tertiary gas injection in 2D, vertical parallel 
plate, sand-pack: model. Soltrol 100 colored with red dye was used to simulate oil 
phase. Distilled water and nitrogen were used as the water and gas phase. Oil was 
produced in cycles in order to avoid high gas-oil ratios. Normalized oil production was 
found to decrease linearly with dimensionless time. Final oil saturation to gas was 
reached after 1114 hours of gas injection.
Vizika et al (1996) investigated rock wettability and spreading coefficient in 
gravity-assisted secondary gas injection. Experiments were performed in 
unconsolidated sandpacks and followed by simulation study. Three sandpacks with 
water-wet, fractionally-wet and oil-wet sands were built Both positive and negative 
spreading coefficient fluid systems were studied. Lower ultimate oil saturations were 
observed for positive S’o/w as compared to negative S’o/w in both water-wet and
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fractionally wet sandpacks (11% vs. 23% OOIP for water-wet system and 11% vs. 
16.5% for fractionally-wet system respectively). Highest oil recoveries were observed 
in water-wet media, positive S’c/w fluid system cases. Lower oil recoveries in oil-wet 
media were attributed to capillary retention forces. There was no detectable difference 
between positive and negative S’^ w fluid systems in oil-wet experiments (21% vs. 22% 
OOIP respectively). The experiments were simulated and three-phase relative 
permeabilities to oil and gas were calculated by history matching, hi water-wet and 
fractionally-wet media, three-phase relative permeability to oil was higher for positive 
S’o/w as compared to negative SVw. No detectable difference was observed in oil-wet 
media. In water-wet media, relative permeability to gas was also higher for positive 
S’o/w as compared to negative S’o/w and no detectable difference was observed in 
fractionally-wet and oil-wet porous media.
Kalaydjian et al (1993) investigated the impact of spreading coefficient on three- 
phase relative permeabilities and residual oil saturation. Experiments were performed 
in two types of consolidated cores (Qashach, 800md and Fontainebleau, 2300 md 
sandstones) with both positive and negative spreading coefficient fluid systems. Isopar 
M as oil phase and 25 g/1 BaCfe brine were used for positive spreading system, and 
Soltrol 170 and 30 g/1 CaCfe +1% isobutyl alcohol brine for negative spreading system, 
hi both cases, nitrogen was injected, hi addition to experimental study, analytical 
(fractal) modeling and a simulation study was performed. The study succeeded in the 
development of the equation (Eq. 2.16) to calculate oil relative permeability in presence 
of residual water and a positive spreading-coefficient (Kalaydjian et al, 1993).
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Km = (So+ S J V ^ l2'1 - S j dl-4*dl2)I Eq. 2.16
where:
Km -  relative permeability to oil 
S0 -  oil saturation 
S\vi = irreducible oil saturation 
Di = perimeter fractal dimension
Values calculated with this equation agreed with measured permeabilities. 
Higher ultimate oil recovery was observed in both cores for positive-spreading systems. 
Both drainage and imbibition oil relative permeabilities were higher for positive- 
spreading coefficient. Higher trapped gas saturation was observed for positive- 
spreading systems. All discussed effects were more pronounced in lower permeability 
Clashach cores.
2.4 Numerical Simulation
The DDP and SCWD can be economical EOR methods for reservoirs with 
substantial oil left after water invasion, assuming sufficient permeability, bed dip and 
oil viscosity for gravity drainage. Based on simulation study performed by Bensaid 
(Bensaid, 1995), a good candidate for DDP should have permeability of 300 md or 
more and dip angle over 10 deg. The study showed that lower permeability has more 
detrimental effect on process efficiency than lower dip angle
2.5 DDP Field Applications
DDP has already been tried in several fields and yielded promising results. The 
Weeks Island field pilot DDP with CO2 and methane was completed by Shell. The 
Hawkins Field DDP nitrogen injection project operated by Exxon, and the West
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Hackbeiry DDP air injection project operated by Amoco are currently in progress. A 
more detailed description of these reservoirs is provided in Table 2.1 (after Fassihi and 
Gillham, 1993).
Table 2.1 Rock and Fluids Properties of Weeks Island, Hawkins and West Hackberry
Reservoirs.
Reservoir Property Weeks Island Hawkins Field West Hackberry
Porosity, % 26 27 24-28
Permeability, md 1200 3400 300-1000
Swi, % 10 13 19-23
Sotw, % 22 35 26
Sorg, % 1.9 12 8 (est)
Reservoir Temperature, °F 225 168 195-205
Dip Angle, deg 26 8 23-35
Pay Thickness, ft 186 230 30-31
API Oil Gravity 32.7 25 33
Viscosity, cp 0.45 3.7 0.9
Bubble Point Pressure, psig 6013 1985 3295
Solution GOR, SCF/STB 1386 900 500
Oil FVF at Bubble Point 1.62 1.225 1.285
Waterflood Recovery Factor, 
% of IOIP
78 60 60
Gas flood Recovery Factor, % 
of IOIP
95 85 90 (est.)
The Weeks Island field located in New Iberia Parish, Louisiana is a typical Gulf 
Coast salt-dome field. It has a strong water drive, good sand quality and reservoir 
continuity with water drive sweep efficiencies ranging from 60 to 70% initial oil-in- 
place. CO2  was injected because of the added benefits of miscibility. However, due to 
the high reservoir pressure (6013 psia), the carbon dioxide density was very high and 
similar to that of crude oil. Therefore, natural gas was injected together with CO2 to 
reduce the gas density, which would maintain a stable displacement front. The gas 
injection started in 1978 and oil production began in 1981. Upon completion of the 
project in 1988, it was estimated that about 60% of the oil trapped behind the waterfront 
was recovered (Johnston, 1988).
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The Hawkins Field unit was subjected initially to gas cap injection pressure 
maintenance between 1975 and 1987. la 1987, the DDP was initiated in the eastern 
part of the field which was subject to a water drive, ft was hoped that injection of a 
mixture of nitrogen and natural gas would lower the waterflood residual oil saturation 
from 35% down to 12% by the end of the project. The rate of oil bank downdip 
movement was originally anticipated to be approximately 25 feet per year (Carlson 
1988). During the early stages of the process, the gravity drainage rate was found to be 
about 12 ft/year. As result, some oil remained trapped behind the gas front. After three 
years of project life, the oil column thickness increased to 10 ft, about 50% of the 
expected thickness. It was observed that in-situ oil viscosity has increased and that the 
API oil gravity decreased. Oil relative permeability at low oil saturations was lower 
than expected, which also caused a delay in oil bank formation (Langenberg et al, 
1994).
The West Hackberry field had a waterflood residual oil saturation of about 26%. 
The residual oil saturation after gas flood was expected to be 5%. Air was selected as 
injection gas which after compression was expected to react with residual oil and 
produce flue gas composed of 85% of nitrogen and 15% of carbon dioxide. It was also 
hoped, that carbon dioxide would go into solution with residual oil and decrease its 
viscosity thus easing the gravity drainage process (Fassihi and Gillham, 1993). The 
observed pressure response confirmed initially anticipated geological structure. Due to 
a high permeability interval at the top of the sand, one of the blocks subjected to air 
injection saw early nitrogen breakthrough. The problem was corrected by squeezing-off 
that interval and gas injection was resumed. Lack of oxygen in produced gas stream has
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indicated complete oxygen consumption in the reservoir providing evidence for the 
anticipated combustion process (Fassihi et al, 1996).
2.6 Field Case of a Process Similar to SCWD
A new process conceptually similar to SCWD was implemented in Bonnie Glen 
reservoir operated by Imperial Oil (Irwin and Batycky, 1996). Bonnie Glen is a 
pinnacle, carbonate-reef reservoir located in Western Canada Basin. The rock is of 
mixed wettability. A process called Successive Displacement (SDP) has yielded 
incremental oil production of 5-10% OOIP. SDP was initiated after an oil rim 
displaced by secondary gas-cap drive was reduced to uneconomical size. The gas cap 
was blown-down. The residual oil saturation to gas in the gas-cap swept zone was on 
the order of 20% OOIP. The underlying aquifer responded to pressure drop and 
invaded the reef. Water displaced the remaining oil rim which subsequently thickened 
as the waterfront was progressing.
During gas-cap expansion, oil was displaced by gas from large pores, and due to 
gravity drainage, low oil saturation was reached. Because of capillary retention forces, 
residual oil was contained in small pores and on the surface of the rock. A progressing 
oil bank (wetting phase) on the top of the waterfront displaced only some of the gas, 
leaving a substantial gas saturation trapped within the water zone. The water following 
the oil bank was forced to penetrate regions containing residual oil, and at the same 
time, displaced some gas to become continuously connected. As a result, oil was 
mobilized and reduction in residual oil saturation was observed About 10 meters of the 
oil column was displaced five years after SDP start The estimated thickness of the oil 
bank remained stable as oil was continuously produced.
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The SDP was also investigated using core experiments. Three cores 
representing three rock types from Bonnie Glen were used. Displacements were 
performed at reservoir conditions with recombined oil samples. Displacements were at 
gravity stable rate and followed the same sequence as in the field. SDP yielded 
additional oil recovery corresponding to 8-16% PV saturation.
SDP is sim ila r to the SCWD phase starting at the point when DDP is finished 
and water invasion begins. The main difference between this field case and SCWD is 
the type of the rock and rock wettability. More detailed discussion of both processes 
will be presented in chapter 4.
2.7 Conclusions and Synopsis
Since SCWD is an extension of the DDP a review of the mechanisms 
controlling DDP is relevant Apart from parameters controlling gravity drainage such 
as oil viscosity, permeability and formation dip angle, the importance of interfacial 
tensions of the fluids present in the porous medium was stressed by numerous 
researches (Kantzas et al, 1988a and 1988b; Chatzis et al, 1988; Oren et al, 1992; 
Dullien and Catalin, 1994; Vizika and Lombard, 1996). The spreading of oil on water 
in presence of gas was found to be key to incremental oil recovery. It also controls 
three phase relative permeability of water, oil and gas. In all investigated cases, 
positive spreading coefficient indicating film formation was beneficial to the recovery 
processes in water-wet media.
Based on this review, the following goals were set for this research:
1. Investigate the performance of the SCWD in consolidated cores and
unconsolidated sandpacks by performing HPHT experiments with dead and live
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oil and various injection gases.
2. Visual' investigation of the processes using transparent cells to gain insight into 
parameters controlling recovery of incremental oil.
3. Measuring interfacial tensions and calculations of the spreading coefficients at 
experimental conditions.
4. Providing additional data for DDP three phase relative permeability model and 
calibration data for SCWD numerical simulation.
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CHAPTER 3
EXPERIMENTAL PROCEDURES AND EQUIPMENT 
3.1 Introduction
Four types of experiments were performed to investigate the performance of the 
Second Contact Water Displacement (SCWD) recovery process. The process was 
investigated using consolidated and unconsolidated core setups to perform floods under 
high pressure and high temperature (HPHT). A micromodel, was built to observe the 
mechanisms of the process at the pore scale level, hi addition, methods of measuring 
interfacial tension (IFT) were adapted to High Pressure- High Temperature (HPHT) 
conditions. The interface and surface tensions of fluids used in HPHT corefloods were 
measured. These measurements were needed to calculate the spreading coefficient S’of* 
of the system studied.
3.2 Large Scale Corefloods
Unconsolidated cores were flooded to investigate the process performance in a 
high permeability, high porosity homogeneous porous medium. Berea sandstone 
consolidated core setup was used to investigate performance in a lower permeability 
and porosity, heterogeneous type of porous medium. Most of the coreflood 
experiments employed a stock-tank oil from the West Hackberry Held and nitrogen gas. 
One experiment was conducted in a Berea sandstone core using recombined crude oil 
and methane as the gas phase.
Since gas relative permeability for gas injection calculation as required by Eq.
2.2 was not available, oil drainage rate was used instead. If the gas injection rate was 
lower than oil drainage rate, that gas would not overrun the oil bank as it drained down
27
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dip due to gravity forces. The gravity drainage rates for oil were calculated using the 
following equation (Richardson and Blackwell, 1971):
0.044fcoA/?o^sin a
uQ- -------------------------  Eq. 3.1
Vo
where
Uq — oil flux, cu ft/Day-sq ft
ko = effective permeability to oil, Darcies
Po = oil viscosity, cp
Ap0g = density difference between oil and gas, lbs/cuft 
a  = formation dip angle (for vertical core, sin 90° = 1)
If gas relative permeability/gas viscosity term in Eq. 2.2 is neglected, Eq. 2.2 
will yield Eq. 3.1. Corresponding gas injection rate calculated with Eq. 3.1 will be 
slightly lower than gas injection rate given by Eq. 2.2.
3.2.1 Experimental Consolidated Core Apparatus
One Berea sandstone core apparatus was built and used for three experiments. 
The core was consolidated Berea sandstone around 6 feet in length and 2 inches in 
diameter. The core was coated with epoxy resin and fiberglass tape and placed in a 
stainless steel coreholder (Thomas, 1991; Lepski, 1995). Stainless-steel tube coils were 
used to circulate heated ethylene glycol/water through annulus between the core and the 
wall of the coreholder to create a uniform temperature distribution. The coreholder was 
insulated to minimize heat losses. The annulus of the coreholder was filled with 
hydraulic oil and pressurized 1000-1500 psi higher than the highest expected pressure
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in the core during the experiment. The goal was to keep the core intact under permanent 
compression. A schematic illustration of the coreholder construction is shown in Fig. 
3.1.
The core assembly was mounted vertically and both ends were connected to 
floating piston transfer vessels fitted with three way valves to control flow direction. 
The other ends of the transfer vessels were connected to positive displacement Ruska 
pumps filled with driving fluids, degassed distilled water for liquid injection or 
mercury in case of gas injection. These vessels were used to transfer fluids in and out
Stainless Steel Tube Stainless Steel Coreholder
Heating System
Encapsulated Core
Fig. 3.1 Consolidated Coreholder Construction Schematic, 
of the core. The producing end of the core, which changed during the experiment, was 
connected to the panel equipped with a sight glass for visual observations of fluids at 
high pressure. An automatic back pressure valve was used to maintain a preset pressure 
at the producing end. Produced fluids were separated and measured in an atmospheric 
pressure separator connected to a gasometer. Pressures at both ends were measured 
using Validyne pressure transducers and digital displays. Bourdon tube gauges were 
used as backup. A digital pressure meter was used to measure pressure drop along the 
core. Pressure transducer for pressure drop measurement was installed in the middle of
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the core and was fitted with a bypass valve. This positioning of the pressure transducer 
eliminated the need to correct pressure readings due to elevation change. To maintain a  
constant pressure in the annulus of the coreholder, 500 cc and 1000 cc high pressure 
stainless steel cylinders filled with pressurized nitrogen were connected to the annulus. 
This was a necessary safety device to ensure compression of the core in case of power 
shutdown when the core was saturated with large amount of gas. Nitrogen pressure of 
4500 psia was found sufficiently high to maintain safe pressure in coreholder annulus 
(2500 psia) in case of power failure. The schematic illustration of the consolidated core 
experimental setup is shown in Fig. 3.2.
Nitrogen Cylinder
I I s io «SCO
o •a
55 5
Mercury
Pump
Hydr.Oil
Pump
Fig. 3.2 Consolidated Core Experimental Setup.
The temperatures during all coreflood experiments were maintained around 205 
°F using constant temperature glycol circulation system capable of maintaining preset 
temperature within 0.5 °F. The safety pressure maintenance system was needed to 
control complications that would arise when the core had a very high gas saturation and
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temperature dropped rapidly, due to heater malfunction or power supply interruption. 
Hydraulic oil pressure in the annulus would drop rapidly with even small temperature 
change, as opposed to relatively moderate pressure change in the core saturated with 
gas. In such case, the core could crack and continuation of the experiment would not be 
possible. Nitrogen cylinders were kept at room temperature and located higher than the 
coreholder to avoid hydraulic oil migration.
After the Berea sandstone core was coated, a porosity check was performed by 
pulling vacuum on the core and pumping 30 K ppm KC1 Brine at a very slow rate. The 
volume of the injected brine was measured and porosity was calculated. The measured 
pore volume of the core was 757 cc corresponding to a porosity of 20.4 %. After 
porosity measurements were performed and experimental setup was assembled, initial 
permeability check was performed by pumping brine at constant flow rate and constant 
pressure drop across the core. Similar brine permeability measurements were 
performed before each subsequent experiment after core was cleaned. Permeability 
measurements were performed in both directions.
Prior to all coreflood experiments, the oil and water properties were measured 
and the asphaltene content was determined for West Hackberry oil. The asphaltene 
content was 0.52 % which was sufficiently low to avoid core plugging during the 
experiments
After the cores were saturated with brine and permeability to brine was 
measured, they were subjected to an oilflood to establish irreducible water saturation 
conditions. The West Hackberry 31.5 0 API stock-tank oil was used in experiments #1 
and #2, and West Hackberry oil recombined with methane with solution GOR of 280
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SCF/STB was used for Bera experiment #3. The oil was injected in the top and water 
was produced from the bottom of the core. After one day of stabilization time, a 
waterflood was performed to establish residual oil saturation in presence of water. All 
floods and measurements were performed at 205 0 F and 2000 psi. The injection rates 
for water and oil were 16 and 32 cc/hr respectively. The flood was terminated when the 
displacing fluid cut reached 95 %. In all cases a piston-like displacement was observed.
After oilflood and waterflood, effective permeabilities to oil at irreducible water 
saturation and water at residual oil saturation were measured in both directions. 
Permeabilities and residual saturations measured for both consolidated and 
unconsolidated core experiments are listed in Table 3.1. Permeability measurements 
were performed in top to bottom (t-b subscript) and bottom to top (b-t subscript) 
directions.
Table 3.1 Permeability and Saturation Summary.
Property Sandpack Run #1 Berea
Run*1
Sandpack 
Run #2
Berea 
Run *2
Berea 
Run #3
klw>i 1.75 d 411 md 1.51 d 282 md 152 md
1.57 d 462 md 1.44d 323 md 89 md
KdtfU.1 0.83 d 177 md 0.77 d 257 md 125 md
0.80 d 236 md 0.94 d 236 md N/A*
0.18 d 26 md 0.59 d 32 md 25 md
0.15 d 24 md 0.49 d 28 md 25 md
Sw 13.88% 44.5% 14.13% 43.6% 45.1%
15.53% 30.3% 15.56% 35.0% 34.8%
*not measured due to pressure transducer malfunction
Calculated oil drainage rates using Eq. 3.1 were 4.05 cc/hr for dead oil-nitrogen 
experiments #1 and #2 and 6.64 cc/hr for live oil-methane experiment #3 (see Appendix 
A). The fluids used during all coreflood experiments and their properties are listed 
together with their injection rates in Table 3.2. Liquid properties were measured at 205
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°F. Gas properties were interpolated from tables for 20S 0 F and 2000 psia (Gas 
Encyclopedia 1976).
After residual oil to water was established as indicated by 100% water cut at the 
producing end, the core was allowed to stabilize for one day and gas injection at 2.S 
cc/hr was initiated. Gas injection lasted for several days (see Appendix A) until gas 
constituted more than 95% of the produced stream. The core was then shut down for 
several days. Shut-in period was followed by another cycle of gas injection followed by 
water and oil production to observe oil bank creation. When the gas cut once again 
exceeded 95% of the produced stream, the core was subjected to downdip water 
injection at the same rate as the initial waterflood (16 cc/hr), while gas was produced 
from the top of the core. When water cut at the production end exceeded 95% of the 
produced stream, the experiment was terminated. Pressure and temperature were 
maintained constant during all floods.
Table 3.2 Coreflood Fluids and Gas Injection Rates Summary.
Experiment Type of Fluid Flow Rate 
(cc/hr)
Density (g/cc) 
©205CF
Viscosity (cp) 
9205°F
Sandpack Runs Deaerated Water 96 cc/hr 0.9636 0.3873
1& 2
West Hackberry Crude 
(Recycled)
160 cc/hr 0.8234 2.40
Pure Nitroaen 30 cc/hr 0.1192 -
Berea 30k ppm KCI Brine 16 cc/hr 0.9837 0.3721
Runs 1 & 2
West Hackberry Crude 32 cc/hr 0.8182 2.1528
Pure Nitroaen 2.5 cc/hr 0.1192 -
Berea Run 3 30k ppm KCI Brine 16 cc/hr 0.9837 0.3721
Recombined West 
Hackberry Crude
32 cc/hr 0.7372 0.8812
Methane 2.5 cc/hr 0.07679 -
Recombined oil for Berea experiment #3 was prepared in the HPHT vessel 
shown in Fig. 3.3. The recombination vessel was insulated to avoid heat losses.
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Recombination vessel shared the same glycol heating system as that used for coreflood 
experimental setup. West Hackberry Crude was injected to fill the 2000 cc flask up to 
about 2/3 of its volume. Then, methane was injected and pressurized up to 3300 psia at 
ambient temperature. The goal was to get as much methane into solution with oil as 
possible. The flask was rocked periodically resulting in pressure drop as more methane 
went into solution. The flask was repressurized with methane up to the initial pressure 
after each time it was rocked. The same procedure was repeated for six days, rocking 
the flask twice a day. After that, the flask was heated to 205 °F and allowed to stabilize 
for one day. After that, the top of the flask was opened and pressure was lowered down 
to 2000 psia. Distilled and degassed water was injected into the bottom of the flask 
while the top line was open and flask pressure was maintained constant. When all 
excessive gas was displaced, live oil started leaving the flask. The solution GOR of 
recombined oil was measured in a three phase separator, and calculated GOR value was 
280 SCF/STB.
ToRuaka Pump
BraaaTuba 
Haating System
Raeombinad
01 Una
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CrudaOH
MaUiana
High Praaaura Raak
Fig. 3.3 Oil Recombination Setup.
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After each experiment, the core was cleaned to restore the initial strongly water- 
wet and water saturation conditions. The description of the cleaning procedures for 
both consolidated and unconsolidated cores is given in Appendix C.
3.2.3 Unconsolidated Core Experiments
One unconsolidated core apparatus was built and used for two experiments The 
apparatus consisted of a 9.5 ft long, 0.2225 ft diameter steel cylinder, packed with 
Ottawa sand. Sand and water were added simultaneously, and the holder was vibrated 
to ensure a tight pack. After proper settlement of the sand, the core was assembled and 
water was pumped through the core at 2000 psia to ensure further sand settlement. The 
process of packing, vibrating and flowing water at high pressure was repeated several 
times until no more sand could be packed into the holder. The success of core packing 
was demonstrated during oil/water and water/oil displacements by clear breakthrough 
points negating channeling. Also, when core was opened, the sand level remained 
unchanged at the end of each experiment The sandpack assembly was mounted 
vertically and a brass tube heating coil was wrapped around the coreholder, as shown in 
Fig. 3.4. The system was insulated to minimize heat losses. The flowlines closest to the 
core were preheated to 205°F by placing 15 feet of coiled tubing in the ethylene 
glycol/water mixture. A preheating system of this sort was unnecessary in the Berea 
sandstone core since more than 5 feet of the flowlines were already immersed in the 
coreholder annulus filled with hot hydraulic oil. The pore volume was calculated to be 
4785 cc based on the amount of water retained by the sand. Average core porosity was 
calculated to be 36%. The schematic of the unconsolidated core setup is given in Fig. 
3.5.
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Fig. 3.4 Unconsolidated Core Holder.
Uarcury
Pump
Fig. 3.5 Unconsolidated Core Setup.
All procedures in unconsolidated core experiments were similar to those of the 
consolidated core except injection rates which were higher for all fluids (Tab. 3.2). The 
oil drainage rate calculated using Eq. 3.1 was 36.40 cc/hr (see Appendix A). The gas 
injection rate used in the sandpack experiments was 20 cc/hr which was assumed to be 
sufficiently low to avoid gas fingering through the oil bank. A lower injection rate was 
used to compensate for error in the permeability measurement, some variations in 
injection rate due to room temperature changes (around 6 0 F as air conditioning was 
switched off overnight and over the weekend) and pressure changes due to periodical 
gas pump refill.
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3.3 Transparent Cell Experiments.
In order to visually observe the mechanisms responsible for oil mobilization and 
displacement, a transparent cell was built The cell used in the experiment was sim ilar 
to those cells described by Dahmani (Dahmani 1986). Figure 3.6 illustrates the 
transparent cell construction.
n
22”
24”
1/8" Hole
1/8"SwagafokCap
Bottom Plato
CiyoBte Grains
MetwomoWIro
Fig 3.6 Transparent Cell Construction Schematic.
Two glass plates 24" x 3” were used as the bottom and the top of the cell. Two 
1/8" holes were drilled at either end of the top plate, and stainless steel Swedgelock 
caps (1/8" in diameter) were glued to the glass to serve as an inlet and outlet for fluid 
flow. The glass plates were glued together with two pieces of 28 gauge (0.015" in 
diameter) nickel-chrome wire as a spacer. The total volume of the cell was 14 cc with 7 
cc of pore volume (50% porosity). The glue used in construction was Devcon 2-Ton 
Epoxy. To provide the cell with porous medium, cryolite (Na3AlF6) granules were 
injected. Cryolite was chosen due to its highly water-wet properties and because its 
refractive index is close to that of water, thus cryolite is transparent when it is in contact
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with water. Cryolite rocks, purchased from Ward’s Natural Science Establishments, 
Lac, were crushed and sieved. The 100-150 mesh fraction was used. The cell was 
packed by applying a vacuum on the one end of the cell; glass wool was placed in the 
outlet fitting to prevent the grains from entering the vacuum pump. The grains were 
consolidated by injecting a fresh mixture of 60% of tetraethyl orthosilicate, 32% 
ethanol, and 8% 0.1 N HQ into the cell. Excess mixture was removed from the cell by 
flushing the cell with air. The orthosilicate mixture solidified as non-reactive silica and 
cemented the cryolite grains to create low and high permeability streaks. The 
Transparent Cell Experimental setup is shown in Figure 3.7.
Syringe Pump
TV Monitor
VCR Camera / 7
/
VCR
Production Glees
Fig. 3.7 Transparent Cell Experimental Setup.
A Sage Instruments Model 355 syringe pump was used for fluids injection. The 
cell was initially flooded with CO2 to remove air from the cell. The cell was then 
positioned vertically and saturated with deaerated water. To remove any remaining 
CO2 , water was injected to absorb it. Water with CO2  in solution was then displaced
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from the cell. About 4 PV of water were injected into the cell from each direction to 
insure effective CO2  removal.
After the cell was saturated with water, oil was injected into the top of the cell 
and the system was allowed to stabilize for one day. The oil used was a mixture of 
33% West Hackberry crude with 67% decane. Next, deaerated water was injected into 
the bottom of the cell to establish waterflood residual oil saturation, and the cell was 
again stabilized for one day. Gas was injected into the top of the cell at the slowest 
possible rate, 0.08 cc/day. After gas breakthrough, another day of stabilization was 
allowed, followed by water injection at the bottom of the cell. Due to the slow rate of 
the process, the experiments was filmed using a VCR camera and taped using EP speed. 
The process was continuously filmed in the initial stage of the gasflood. hi the later 
stage, selected time periods were filmed. Selected segments were later spliced together 
and a short movie summarizing the flood was made. The VCR camera used for filming 
was fixed on the tripod and fitted with additional optical equipment such as a 
teleconverter, bellows unit, 3 close-up lenses and a polarizing filter. This arrangement 
reduced unwanted light reflections and permitted variable scales of magnification from 
actual cell size, down to single pore size level 450:1. Experiments were filmed at 
various scales of magnification to observe various aspects of the investigated process.
3.4 Interfacial Tension Measurements.
IFT measurements needed for spreading coefficient calculations have to be 
performed under reservoir temperature and pressure conditions. Representative 
reservoir oil phase is obtained by recombining oil and methane. A Through Window
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Ruska PVT Cell Model 2329-800-00 (Fig. 3.8) and Ruska Constant Temperature Air 
Bath Model 2320 (Fig. 3.9) were adapted to 1PT measurement
Fig. 3.8 Through Window PVT Cell Model 2329-800-00.
Fig. 3.9 Ruska Constant Temperature Air Bath Model 2320.
High pressure Ruska Positive Displacement pump was used for fluid injections. 
Recombined oil was injected via a transfer vessel with distilled water as driving fluid.
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The transfer vessel used for EFT measurements was similar to the one used for 
coreflood experiments, except its capacity was 250 cc. Transfer vessel was heated in 
the air bath together with PVT Cell. The system upper pressure and temperature limits 
are 5000 psi and 350 °F. These ranges cover conditions common to candidate 
reservoirs A  schematic of the setup used for IFT measurements is shown in Fig. 3.10.
h l i n  Dm i i w m  
N «»(8ullM t»4
PmM»« ObflMmt 
Flap (Ufftir UquM)
■ •M il*
Fig. 3.10 Schematic of the HPHT IFT Setup.
In order to perform the measurement with sufficient accuracy and simplicity, the 
pendant drop formed in the PVT Cell was filmed using a Panasonic Model PV-D506 
video camera equipped with a set of additional close-up lenses (Promaster Spectrum 7 
58 mm +4 and +1). The video camera was capable of magnification up to 16X using 
optical zoom and 160X using digital zoom. Magnification scale used for measurements 
varied from 12 to 15 times. The image resulting from this optical system was tolerable 
within the magnification range used, as shown in Fig. 3.11.
The video camera signal was taped on VCR using a high grade tape (Maxell 
XL-H1F1) to improve the quality of still imagies. Selected frames containing imagies of 
the drop were later transferred to a computer using the frame capture software Minolta-
t--------------»me*
UfHt
cQ-
VCHCtMWt z
ve«
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Play Snappy Video Snapshot Version 1.0. Frame capture software provided resolution 
up to 1500x1125. A typical image resulting from VCR screen capture is shown in Fig. 
3.12. Drop dimensions were later measured using Jandel SigmaScan measuring 
software. An typical pendant drop as displayed by the SigmaScan software is displayed 
in Fig. 3.13.
Fig.3.11 Log-Normal Graph Paper at IX and 15X Magnification.
Fig. 3.12 Bitmap Picture of the Drop Transferred from the VCR to the Computer.
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Fig. 3.13 Example of SigmaScan Drop linage Processing.
3.4.1 Pendant Drop IFT Measurements
For pendant drop IFT measurements, the high pressure Ruska PVT Cell was 
adapted to accommodate a detachable capillary. In our case, a 22 gauge (2.0955 mm 
OD) syringe needle which was cut and polished to obtain a flat top was used. The 
capillary mount was made from a standard surgical steel syringe connector cut out from 
the syringe and screwed on a piece of 1/8” stainless steel tubing fitted with a standard 
1/8” Swagelok connector. One of the PVT Cell endcaps was adapted to accommodate a 
1/8” standard Swagelok connector which served as an inlet for measured fluids. The 
schematic of the capillary housing is shown in Fig. 3.14.
The size of the capillary was similar to the sizes typically used for IFT 
measurements performed by the oil industry (DB Robinson, 1996). The selection of the 
capillary size and resulting drop size was also determined by the size of the window of 
the Ruska PVT cell (6.35 mm wide). Depending on the measured fluid system density 
difference, the capillary was mounted in the top or in the bottom of the PVT cell as
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shown in Fig. 3.15. Since the drop had to be visible, the continuous phase had to be 
transparent This criteria Usually determined the capillary position.
Gauge 22 Syringe Needle
Syringe Connector
1 SteMoes Tubing
Fig. 3.14 PVT Ruska Cell Capillary Housing.
Pendant drops were formed by injecting the discontinuous phase at a very slow, 
constant injection rate (lcc/hr) to avoid IFT changes due to aging time differences. The 
videotape frames containing an image of the hanging drops were captured, saved as 
bitmaps and later downloaded into the SigmaScan measurement software.
The measurements were performed using the uncalibrated pixel option to speed 
up processing. Distance calibrations and IFT calculations were later performed using 
Microsoft Excel 6.0. Distances were calibrated using the OD of the capillary. The OD 
was measured within 0.001 mm accuracy using a micrometer.
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Fig. 3.15 Pendent Drop Measurement Setup.
3.4.2 Drop Volume Method
Drop volume method was initially considered for spreading coefficient IFT 
measurements due to its simplicity. Unfortunately, this method was designed to 
measure liquid-liquid interfacial tension only therefore spreading coefficient could not 
be calculated using the drop volume alone. HPHT IFT measurements using the drop 
volume method were performed mainly for a special study of surfactant samples 
requested by the Dow Chemical company. Results of this study will be also used in 
designing the prototype of a HPHT Drop Volume Tensiometer
IFT measurements using the drop volume method were made by pumping the 
light phase into the dense phase at a slow constant flow rate. Drops formed at the tip of 
the specially designed capillary, and the volume of the drop was calculated from the 
injection rate and the number of drops formed within a measured time period.
The drop volume IFT measurements were performed using the same setup as for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
46
the Pendant Drop measurements with the Ruska Pump used for liquid injection. A 
helical-shaped spiral of about 40 cc was used instead of 250 cc transfer vessel used in 
the Pendant Drop study to minimize flow rate instabilities due to temperature 
fluctuations. Since the drop size was small, in the range of 30-50 jtL, fluid volume 
changes were able to cause flow rate fluctuations when large volumes of liquid were 
involved. Again, distilled, degassed water was used as driving fluid with the 50K ppm 
KC1 brine used as buffer between measured sample and driving fluid. Injection rates 
varied from 1 cc/hr to 4 cc/hr depending on the size of the drop, hi order to seal the tip 
at elevated temperature, the manufacturer’s leaking Teflon fitting was replaced with a 
standard 1/16” Swagelok steel fitting screwed on the top of l/16”-l/8” nipple. This 
arrangement provided metal to metal seal between the nipple and a capillary. The 
nipple was then mounted in the Ruska PVT cell using standard 1/8” connector.
Capillary tip design is critical to the precision and simplicity of Drop Volume 
methods. The tip has to be very sharp so the drop is attached to a well defined circle 
rather than to the rim. The design of the tip is shown in Fig. 3.16 (after Gilman, 1994). 
In our study the Kriiss 0.254 mm ID and 1.5596 mm OD tip was used.
A IFT calculation method using image processing is proposed. The ability to 
measure IFT based on several drops rather than dozens of drops provide some benefits 
for measurements where time is a factor such as those involving strong surfactant 
solutions. Since only the volume of the drop is required for IFT calculation, assuming 
the drop to be spherical only the diameter of the drop must be measured. Distances 
were calibrated using OD of the capilllary tip. This simplified method can be further
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refined using sophisticated volume calculation considering the actual shape of the drop. 
An example of drop volume processing is shown in Fig 3.17. The difficulty in using 
the drop volume method for liquid/gas IFT (i.e., surface tension measurements) comes 
from the wettability of the capillary tip in the presence of gas. In the presence of gas, 
liquid is strongly attracted to the tip which causes liquid to climb over the tip as shown 
in Fig. 3.18 instead of forming a regular shaped drop.
IfcSiSSl
: m w  :
Fig. 3.16 Drop Volume Capillary Tip Design.
Fig. 3.17 Drop Volume Heptane/Water Image Processing.
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Fig. 3.18 Attempted Heptane Surface Tension Measurement.
If the gas is bubbled through the liquid at ambient pressure, the bubble rapidly 
expands after it leaves the capillary, yielding invalid measurement Gas bubbles 
displayed different behavior at high pressure. At higher pressure, the pressure required 
to overcome the gas-liquid interface is rather negligible compared to the bubble 
pressure, thus the bubble forms a regular spherical-like shape similar to that of a liquid 
drop in a liquid-liquid system. A high pressure gas bubble is shown in Fig. 3.19.
Fig. 3.19 Bitmap of High Pressure Nitrogen Bubble in Water.
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CHAPTER 4
DISCUSSION OF THE EXPERIMENTAL RESULTS
4.1 Introduction
The Second Contact Water Displacement process (SCWD) was discovered 
while investigating the Double Displacement Process (DDP). Substantial oil 
production was observed during initial stage of core cleaning. In this stage of core- 
cleaning, water was slowly injected into the bottom of the vertically positioned core. 
Gas was first produced followed by significant amount of oil. hi last consolidated core 
experiment performed for DDP, as much as 7.5% PV of additional oil recovery was 
obtained due to water injection following DDP (Lepski 1995). The research reported 
here followed the initial discovery and focused on investigation of SCWD by 
performing physical simulation of the process in unconsolidated and consolidated cores, 
and in transparent micromodels. Additional setup was used to measure interfacial 
tensions of the fluids present in the porous media used for SCWD experiments.
A total of five coreflood experiments were performed. The first runs in both 
consolidated and unconsolidated cores were of a short-duration, gravity drainage period 
for oil mobilization and oil bank creation. Then, the experiments were repeated in the 
same cores, but a more extensive gravity drainage period was used to validate results of 
short-term runs and to investigate the effect of a more extensive gravity drainage period 
on process efficiency. Stock-tank oil and nitrogen were used in four corefloods. One 
consolidated core experiment was performed to investigate the process performance 
when recombined oil and methane is injected.
49
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The SCWD was also observed in transparent micromodel to investigate various 
aspects of oil mobilization and displacement mechanisms. Interfacial tension 
measurements were performed to deduce the type of fluid distribution existing in all 
coreflood experiments and also to investigate the effect of pressure and temperature on 
surface tension of formation water in the presence of nitrogen or methane gas.
Sample calculations pertaining to core saturations and permeabilities together 
with production histories for all corefloods are given in Appendix A.
4.2 Experimental Results
4.2.1 Unconsolidated Core Experiments
The sandpack experiments yielded significant oil production. Experiment #1 
was performed with a short 2-day shut-in period for gravity drainage, hi Experiment 
#2, the gravity drainage period was extended to 26 days. Even though the initial 
waterflood residual oil saturation was low in both experiments, about 15.5% PV, that 
value was substantially reduced by SCWD to 11.2% PV in the first experiment and 
11.9% PV in the second. The plots of oil saturation vs. time for both sandpack 
experiments are given in Fig. 4.1.
hi the sandpack experiments, most of the movable water was displaced prior to 
initial gas breakthrough (89 % in Run #1 and 97 % in Run #2). There was no 
substantial oil recovery prior to gas breakthrough. Subsequent cycles of gas injection 
followed by shut-in periods for oil gravity drainage did not yield significant oil 
production. Practically all incremental oil production resulted from SCWD. Due 
mainly to the slow gas production rate, volumes of produced gas could not be 
accurately measured. Core gas saturations were calculated based on liquid material
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Fig 4.1 Unconsolidated Core Saturation Summary.
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balances, since there was no significant nitrogen gas and oil phase mass exchange under 
existing experimental conditions. Estimated residual gas saturation in the core at the 
end of the SCWD was 20% PV in Run #1 and 25% in Run #2.
4.2.2 Dead Oil Consolidated Core Experiments
In the consolidated core experiments, significant oil production was observed 
prior to gas breakthrough. The amount of movable water that was displaced before gas 
breakthrough was 78% in Run #1 and 94% in Run #2. Small additional amounts of 
water production were observed during each subsequent gas injection /oil production 
cycle. The residual oil saturation after initial gas injection was lowered from 30.3% to 
20.3% PV in Berea experiment #1 and from 35.0% PV down to 24.2% PV in Berea 
experiment #2.
In the first experiment, the core was shut-in for 5 days after gas breakthrough 
and produced once again after the shut-in period to yield an additional reduction in oil 
saturation down to 17.3%. SCWD introduced after this cycle resulted in an additional 
3.6% PV of oil recovery. In the second experiment, oil saturation was reduced from 
initial 35% PV down to 24.2% before gas breakthrough, and the duration of the shut-in 
period after gas breakthrough was extended to 38 days. Second cycle of gas injection 
following the shut -in period reduced oil saturation down to 20.4% PV. SCWD which 
followed the second cycle of gas injection produced an additional 2.51% PV of oil 
resulting in the final oil saturation of 17.8% PV. The oil saturation summary for both 
Berea experiments is summarized in Fig. 4.2. The calculated final gas saturation in the 
core after SCWD was 20% PV in Rim #1 and 17% in Run #2.
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Fig. 4.2 Dead Oil Consolidated Core Saturation Summary.
4.2.3 Recombined Oil Consolidated Core Experiment
Berea Experiment s  was performed to investigate SCWD in the presence of 
live oil and injected methane gas. The same core as in Berea Rons #1 and #2 was used. 
The solution gas oil ratio (R,) of the live oil sample was 280 SCF/STB which is 
reasonably representative of the 330 SCF/STB which was obtained from PVT analysis 
of West Hackberry oil at 201°F and 2000 psia. The same injection rates were used as 
for previous Berea experiments, but there was no shut-in period allowed for oil 
drainage. SCWD followed immediately after initial gas breakthrough. Initial gas 
injection reduced oil saturation from initial 34.8% PV down to 26.4% PV before gas 
breakthrough. SCWD produced additional oil corresponding to 4.5% PV bringing final 
oil saturation down to 21.9% PV. The saturation summary for Berea Run #3 is shown 
in Fig. 4.3.
For a live-oil/methane system, it is important to have gas measurements due to 
potential mass exchange between oil and gas. The gas measurements are also helpful in 
providing more accurate data for the planned simulation study. For this reason the gas 
measurement system was improved and gas production was measured. Core gas 
saturation calculations were based on liquid or gas material balances.. Final gas 
saturation was 21% PV using the first method and 20 % using the second method. 
Since both methods gave similar values, there was evidendy no significant mass 
exchange between methane and live oil in the core. The production history for gas 
injection phase and SCWD are given in Fig. 4.4 and Fig. 4.5, respectively.
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Fig. 4.4 Berea Run #3 DDP Phase Production History.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
0 2 4 6 8 10 12 14 16 18 20
200 16000
180
-- 14000
160
- -  12000
140
- -  10000
100 8000
WaterOil
Gas
-- 6000
-- 4000
- -  2000
0 2 4 6 8 12 1410 16 20
Time (hours)
Fig. 4.5 Berea Run #3 SCWD Production History.
58
4.2.4 Transparent Cell Experiments
The transparent cell experiments succeeded in visualizing microscopic gas-oil- 
water displacements, oil film development and oil bank growth. Residual oil to water 
obtained after waterflood was in the form of discontinous oil blobs. After gasflood 
phase was finished, oil was in continuous film form between water and gas phase. 
Injected water, simulating the SCWD displaced most of the gas and accompanying oil.
This created an oil bank which grew with time and progressed towards the upper 
portion of the gas swept zone. Only an insignificant amount of oil was left behind the 
waterfront. Part of the gas present in the pore space was trapped in the water zone and 
left behind the SCWD front. The stages of the SCWD are shown in the magnified 
pictures of Fig. 4.6a-4.6d. Black blobs observed in the last figure represent gas bubbles 
trapped in the water zone.
Fig. 4.6a Transparent Cell Prior to SCWD.
t
, i
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Fig. 4.6b Water Invasion from the Left.
Fig. 4.6c Water Invasion Continues.
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Fig. 4.6d Final Fluid Distribution.
Transparent cells also succeeded in visualization of the macroscopic scale oil 
bank formation. Fig. 4.7 is a schematic of the oil bank formation for DDP process, with 
the first cell representing initial stage of DDP right after gas injection and gas 
breakthrough at the bottom of the cell. After shut-in an oil bank is formed due to 
gravity drainage. The oil bank final stage is shown in the last cell after about 200 hrs. 
Similar results were obtained for SCWD, Fig. 4.8. The first diagram represents the cell 
after gas injection and gas breakthrough. The last diagram represents cell with an oil 
bank displaced by water injected downdip after about 10 hrs.
4.2.5 Interfadal Tension Measurements
Interfacial Tension (IFT) measurements were performed to calculate spreading 
coefficient for fluid systems used corefloods experiments. Measurements used for 
spreading coefficient calculations were performed using pendant drop method. An
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
average of five independently calculated values of IFT based on five independently 
processed drops were used to calculate IFT at each pressure and temperature settings.
T^O  hrs T, T, T, 1 > 200 hrs
Fig. 4.7 DDP Oil bank Formation in Transparent Cell Over 200 hrs.
1*0*0 hrs Ta T, T4 T,* 10 hrs
Fig. 4.8 SCWD Oil bank Formation in Transparent Cell Over 10 hrs.
All experimental data and sample calculations are given in Appendix B. Densities of 
liquids for different pressures and temperatures were calculated using standard fluid 
correlations (Beggs, 1991). Gas densities were interpolated from tables (Gas
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Encyclopedia, Elsevier Publishing 1976) assuming linear distribution between known 
pressure and temperature points.
IFT experimental setup was checked against published values of IFT and surface 
tension at ambient conditions. Surface tensions were measured for pure water, heptane 
and dichloromethane in presence of air at 26.4 °C and compared with published values 
(Dean, 1985). Interfacial Tension was measured for heptane/water and 
dichloromethane/water systems and also compared with published values (Gilman 
1994). In all cases, experimental values obtained with pendant drop setup were within 
5% range from the published values. A comparison of measured and published values 
is given in Fig. 4.9. The summary of IFT measurements performed for experimental 
coreflood fluid systems is given in Table 4.1. The resulting spreading coefficient values 
are given in Fig. 4.10.
Measurement/ 
Fluid System
Fresh Water-Dead 
Oil-Nitrogen
30 K ppm KCI Brine- 
Dead Oil-Nitroqen
30 K ppm KCI Brine-Live 
Oil-Methane
Watei/Gas ST 55.32 50.21 54.17
Oil/Water IFT 27.84 23.98 28.03
Oil/Gas ST 15.41 15.41 10.77
In addition to spreading coefficient measurements, surface tension 
measurements of 50 K ppm NaCl brine in presence of methane and nitrogen were also 
conducted. Selected pressure settings were 1500, 200, 2500, 3000, 3500 psia and 
temperature settings of 52.5, 66.8, 78.8, 95.4, 109, 126.8 °C. The reason for these 
measurements was to establish some guidelines to estimate surface tensions of brine in 
presence of two gases commonly used for gas injection gravity assisted processes. The 
practical implications of the results are presented in Fig. 4.11-4.14.
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Fig. 4.14 Comparison of Nitrogen and Methane IFT for 3500 psia.
Drop volume method was mainly used for a special study of surfactant samples 
requested by the Dow Chemical Company. While investigating liquid/liquid interfaces, 
it was observed that gas bubbles formed under high pressure behave in the similar 
manner as drops of liquid. This idea was pursued further and surface tension 
measurements for Nitrogen at 66°C and 96°C were performed using drop volume 
method for the same pressure points as pendent drop measurements. Unfortunately 
using standard method of drop size calculation based on injection rate and number of 
drops formed during a time period was not possible due to temperature variation in the 
room where the pump used for injection was located. Temperature changes resulted in 
injection rate instability, thus making drop size calculations impossible. Since this was 
a conceptual study, a simplified image processing was used instead assuming spherical 
shape of the drop for IFT calculations. The comparison of the Pendant Drop 
measurements and Drop Volume simplified image processing results are shown in Fig. 
4.15 and in Fig. 4.16.
4.3 Discussion
4.3.1 Experimental Data
All coreflood experiments yielded incremental oil production, ranging from 23- 
27 % of residual oil to water in unconsolidated cores and up to 49-57% in consolidated 
cores. In consolidated cores where residual oil after waterflood was higher, oil 
production represented substantial decrease in residual oil saturation in the cores. In 
unconsolidated sandpacks water residual oil was very low, incremental oil production 
was proportionally less in values, however substantial reduction in fractional oil 
saturation was observed, hi live-oil Berea run #3, oil production was resembling the
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same trends as in Berea Runs #1 and #2. Relatively smaller ultimate incremental oil 
production in Berea Run'#3 can be attributed to reduction in the core permeability 
observed with core use. Higher oil production resulting from SCWD might be 
attributed to absence of shut-in cycle and contribution of that oil usually mobilized by 
gravity drainage to SCWD oil production. In all previous displacement experiments 
conducted in our laboratory, cores were waterflooded to residual oil saturation, shut-in 
for a period of time, then water was reinjected to measure effective permeabilities in 
both directions. As expected, no oil was recovered during the latter water injection 
stage. Therefore, oil mobilization attributed to SCWD was not caused by water influx 
itself.
The amount of incremental oil produced prior to gas breakthrough during all 
Berea experiments was in good agreement with the amount obtained in Berea 
experiments performed for DDP research (Lepski, 1995). This oil production might be 
attributed to gas penetration of zones unswept by waterflood due to heterogeneity of the 
Berea sandstone, hi more homogenous sandpacks, oil production before gas 
breakthrough was not observed. The duration of the shut-in period for oil drainage 
seemed not to affect oil recovery by SCWD. Displacement of almost all movable water 
in all coredfloods prior to gas breakthrough indicated that there was no significant gas 
fingering in the cores. It also indicated that almost all excessive water from the pore 
space was displaced resulting in liberation of oil. That oil was believed to form a film 
and flow due to gravity drainage since measured spreading coefficients were positive in 
all cases. This assumption was in agreement with observations in transparent cell 
experiments where the distribution of water residual oil changed after gas injection
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
from discontinuous blobs into more continuous form. Separate oil blobs got 
reconnected, and after short stabilization time, formed 61m between gas and water 
phase. This 61m was mobilized and displaced by progressing SCWD waterfront
Substantial gas saturation ranging from 17 % to 24.7 % PV was present in all 
cores when SCWD was concluded. It was also seen in transparent cell experiments that 
gas bubbles occupied large pores, and remained immovable once surrounded by water 
phase. The water and displaced oil had to flow around bubbles, thus displacement 
paths had to be different as compared to initial water influx. As a result oil was 
displaced from smaller pores, initially bypassed by water.
Interfacial tension measurements indicated that all fluid systems used for 
experimental corefloods had positive spreading coefticients. That indicated that oil 
mobilization should have occurred through film flow after gas injection. From the 
correlation measurements for water-nitrogen and water-methane systems, it was 
concluded that higher water surface tensions will be observed for nitrogen as compared 
to methane. The difference ranges from about 10 % for low pressures and temperatures 
up to about 20 % for the highest investigated pressures. Higher water-gas surface 
tension should beneflt film formation provided IFT of other phases remain the same. 
Clear trends were observed for water/methane surface tension in ranges of pressures 
and temperatures studied. No such trends were observed for water/nitrogen surface 
tensions.
Values of surface measurements for water-nitrogen system performed with Drop 
Volume method were found to be about 30% smaller than values obtained with Pendant 
Drop method. One possible reason for the error is the simplified image processing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
technique used for drop size calculation assuming spherical shape. Another source of 
error seems to come from'compressibility effect and the precision of fluid density Hafa 
The effect of compressibility seems to be more evident in Fig. 4.17 where Pendant Drop 
values of IFT were crossploted vs. Drop Volume values. Further investigation of Drop 
Method surface-tension measurements was not attempted since it is beyond the scope of 
this research.
4.3.2 Feasibility of the SCWD Process
In consolidated, heterogeneous media combination of oil production prior to gas 
breakthrough with that of SCWD may be economically attractive even without a gas 
gravity drainage period. In unconsolidated, more homogeneous media, SCWD extends 
the application of the Double Displacement Process to single-well, strong water-drive 
reservoirs where oil mobilized due to gas injection can be produced by SCWD.
In general, this process could be tried as extension to DDP if an aquifer is 
present and if there is a way to dispose the gas produced from the updip wells. The 
constraint of two wells in good mechanical condition required for DDP can be reduced 
to one well located in the upper part for the SCWD. Since this is a gas injection 
project, a source of cheap gas must be readily available, and no extensive drilling is 
needed for new gas injection and oil production wells. This process can be also tried in 
combination with the attic oil recovery process in reservoirs with strong water drive 
even if only one well is present When the attic oil production is finished, gas/water 
contact can be pushed back to its original location followed by aquifer encroachment
Research presented here pertains to water-wet water driven intergranular 
porosity type reservoirs. The successful application of similar process in carbonate oil
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
CO
Z
(A
Ui.NUf j j |  auinioyv dojQ
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fig
. 4
.17
 
Pe
nd
an
t 
Dr
op
 
vs.
 D
rop
 V
olu
me
 I
FT 
Va
lue
s 
Cr
os
sp
lot
 f
or 
15
00
-35
00
 
ps
ia.
76
wet rock with gas cap drive promise even a wider number of reservoirs qualifying for 
the SCWD or similar processes.
i
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CHAPTERS 
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
The main contribution of research described here was discovery and initial 
investigation of a new Improved Oil Recovery method, Second Contact Water 
Displacement (SCWD). The performance of the SCWD process was investigated under 
reservoir conditions and visually observed using low pressure transparent cells. 
Experimental coreflood production data were used for development of three-phase oil 
relative permeability model for Double Displacement Process (Bourgoyne, 1996). High 
pressure interfacial tension measurements were performed to measure the oil spreading 
coefficient, which is used in process screening. The influence of different injection 
gases on oil spreading coefficient was also investigated, hi addition, a drop volume 
technique was adapted for the first time for high-pressure, high-temperature IFT 
measurements.
5.1.1 Laboratory Corefloods
Laboratory experiments proved that Double Displacement Process (DDP) and 
Second Contact Water Displacement can recover significant amounts of waterflood 
residual oil. In SCWD, duration of the shut-in period for gravity drainage did not seem 
to affect ultimate incremental oil recovery, hi unconsolidated cores, there was almost 
no incremental recovery from DDP, but SCWD was still able to recover around one 
third of water residual oil. This may indicate its potential in high permeability 
unconsolidated sand reservoirs. Substantial oil production preceded gas breakthrough 
in consolidated cores. This is attributed to gas mobilization and displacement of oil
77
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initially bypassed by water. Substantial gas saturation after SCWD water breakthrough 
was observed in all coreflood runs. Similar gas saturation was observed in Bonnie Glen 
reservoir and associated laboratory corefloods. The presence of gas in the larger pores 
forces water to flow through smaller pores thus displacing oil previously bypassed by 
the displacing gas or water agent
5.1.2 Transparent Cell Experiments
Transparent cell experiments succeeded in visualization of the DDP and SCWD 
processes. Separate oil blobs trapped within water zone formed 61m and reconnected 
with each other after gas was injected. DDP oil bank was formed at the bottom of the 
cell due to gravity 61m flow until all oil was mobilized, hi case of SCWD, that oil film 
was mobilized and displaced in the form of growing oil bank while the waterfront was 
progressing upwards. Part of the gas was also displaced by water, but substantial 
quantity was trapped in the large pores behind advancing water front. Water flow had 
to bypass these pores and flow through adjacent pores. This is in agreement to what was 
expected to happen in the cores
5.1.3 Interfacial Tension Measurements
Interfacial tension measurements indicated positive spreading coefficients for all 
performed HPHT experiments. From experimental measurements it was also found 
that injection of nitrogen yielded a more beneficial spreading coefficient because 
water/gas surface tension was higher than that of then methane. The difference in IF! 
was estimated to be in the order of 10>20% within the range of investigated conditions. 
The live oil/methane system yielded similar values of spreading coefficient as compared 
to nitrogen/dead oil system due to low oil/gas surface tension.
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The simplified pendant drop method was found to be sufficiently accurate for 
initial reservoir screening based on spreading coefficient value. Initial results obtained 
with drop volume method promise the development of alternative method of EFT 
measurements under reservoir conditions also applicable for measurements of interfaces 
between non-transparent liquids, hi addition, strong correlation between drop volume 
and pendant drop water-gas surface tension was obtained for high pressure gas systems. 
This may lead to development of a new method of surface tension measurement for 
high pressure systems.
5.2 Recommendations
SCWD seems to be attractive process to apply in the field in conjunction with 
the DDP. SCWD should be considered after DDP reaches its economic limit, 
especially when there is a strong aquifer and an economic means of disposing of the gas 
produced in the initial stage of SCWD. Gas injecdon-oil production process can be 
performed in cycles in manner similar to coreflood experiments. As soon as gas cut 
exceeds economical limit, the production wells can be shut-in for oil mobilization and 
produced over again when enough oil was mobilized. The quantity of oil produced 
prior to gas breakthrough combined with that produced by SCWD can also be an 
attractive target for reservoirs where conventional DDP is uneconomical. SCWD may 
also be feasible for single well, water-drive reservoirs.
Based on investigated cases, the most beneficial injection gas for water, light oil 
reservoirs seem to be nitrogen. Reservoir depth should also be considered as it controls 
gas density and injection cost
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53  Future Work
Each independent coreflood lasted 2-3 months. Due to extensive duration of 
coreflood experiments, there was no attempt to develop the relationship between 
spreading coefficient and efficiency of DDP and SCWD. Most of the work was 
devoted to initial research on SCWD and too many parameters were changed for every 
consequent experiment to compare them and draw conclusions. In order to do that, a 
way to normalize oil production versus spreading coefficient has to be developed. 
Changes in IFT of reservoir fluids will affect fluid saturations and three-phase relative 
permeabilities to name the most important parameters. Future research work should 
plan for a sufficient number of coreflood experiments to be performed with different 
spreading coefficient value, keeping main parameters such as injection rates, duration 
of shut-in period, properties of reservoir fluids constant
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APPENDIX A .
COREFLOOD PRODUCTION DATA AND CALCULATIONS 
Example Permeability Calculations
Berea Sandstone Run #1 Water Absolute Permeability (t-b):
q = 128 cc/hr, Ap = 4.4 psi, p* = 0.3721 cp, L««=182.88 cm, A = 20.27 cm2, Vprod = 10 
cc, t = 269 sec
Kt-b = (10/269*.3721*182.88) /  (20.27*4.4/14.503) = 0.4114 darcy
Sandpack Run #1
Water Absolute Permeability (t-b)
q = 224 cc/hr, Ap = 1.35 psi, |iw=0.3873 cp, 1^0(^ =289.08 cm, A = 45.60 cm2, Vprod = 10 
cc, t = 151 sec
Kt.b= (10/151*0.3873*289.08) /  (45.60*1.35/14.503) = 1.747 darcy
Table A1 Absolute Permeability Calculation Data.
Property Sandpack 
Run #1
Berea
Run#1
Sandpack 
Run #2
Berea 
Run #2
Berea 
Run #3
Ap (t-b), psi 1.35 4.4 1.62 11.4 10.93
Ap (b-t), psi 1.55 3.9 1.55 10.07 18.5
(t-b), cc 10 10 10 10 10
V ^/b-Q .cc 10 10 10 10 10
q (t-b), cc/hr 224 128 224 224 120
q (b-t), cc/hr 224 128 224 224 120
t (t-b), s 151 269 153 151 293
t (b-t). s 146 270 153 150 297
Table A2 Oil Effective Permeability Calculation Data.
Property Sandpack
Run#1
Berea
Run*1
Sandpack 
Run *2
Berea 
Run #2
Berea 
Run #3
Ap (t-b), psi 12.3 15.1 13.63 11.53 11.85
Ap (b-t), psi 12.35 11.2 11.39 12.07 N/A*
V „*(t-b),cc 10 10 10 2 5 (See)
Vmi (b-t), CC 10 10 10 2 5 (See)
q (t-b), cc/hr 160 32 160 32 40
q (b-t), cc/hr 160 32 160 32 40
t (t-b), s 217 1056 210 207 476
t(b -t),s 222 1068 207 189 474
*not measured due to pressure transducer malfunction
Table A3. Water Effective Permeability Calculation Data.
Property Sandpack Berea Sandpack Berea Berea
Run#1 Run#1 Run #2 Run #2 Run #3
Ap (t-b), psi 6.66 9.5 2.07 9 11.8
Ap (b-t), psi 5.70 8.7 1.74 7.63 10.8
(table con’d)
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(t-b), cc 10 2 10 2 3
Vand (b-t), CC 10 2 10 2 3
q (t-b), cc/hr 96 ' 16 96 16 20
q (b-t). cc/hr 96 16 96 16 20
t(t-b),s 351 435 351 394 499
t (b-t). s 354 426 349 408 536
OH Drainage Rate Calculations
Berea Sandstone Run #1 <fc 2 (Equation 3.1)
Uo=[0.044*0.177 darcy*(818.2 kg/m3-119.2 kg/m3)*(l/1601846 (kg/m3)/ab/cuft))]/ 
2.1528 cp = 0.15746 cuft/(day-sqft) => 4.05 cc/hr 
Berea Sandstone Run #3
Uo=[0.044*0.125*(737.2-76.79)*(1/1601846))]/ 0.8812 = 0.2614 cuft/(day-sqft) => 6.73 
cc/hr
Sandpack Run #1 & 2
Uo=[0.044*0.77*(823.4 -119.2)*(1/1601846))]/ 2.40 = 0.6201 cuft/(day-sqft) => 35.91 
cc/hr
Live Oil Properties Calculations (Beggs 1991)
\Lo =  A poo8
Pod = 2.1528 cp
A = 10.715CRS+100)-0-515 = 10.715(279.5+ lOO)-0-515 = 0.50315 
B = S^^+lO O )-0338 = 5.44(279.5+100)‘a338 = 0.73085 
Po = 0.50315*2.15280'73085 = 0.8812 cp 
Ygc = 16/28.97=0.5523
B0 = l+CiRs+C2Cr-60)(APFYgc)+C3Rs(T-60)(APFYgc) = l+4.670E-4*279.5+l.l0E- 
5(205-60)(31.5/0.5523)+1.337E-9*279.5*(31.5/0.5523) = 1.2215 bbl/STB 
Yo= 141^/(131.5+31.5) =0.8681
p0 = (350*Yo+0.0764Ygc*R,)/(5.615*Bo) = (350*0.8681+0.0764*0.5523*279.5)/(5.615* 
1.2215) = 737.15 kg/m3
Coreflood Production Data
Sandpack Run #1
Pore Volume (PV): 4785 cc
Oilflood
Oil Pumped: 4456 cc
Oil Produced: 335 cc
Oil Left in the Core: 4121
Initial Oil Saturation: 4121/4785 = 0.8612
Irreducible Water: 4785-4121 = 664 cc
Irreducible Water Saturation: 1-0.8612 = 0.1388
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Waterflood
Oil Produced: 3378 cc 
Oil Left in the Core: 4121-3378 = 743 cc 
Residual Oil Saturation: 743/4785=0.1553 
Gasflood 1* Cycle
Oil Produced: 35 cc 
Water Produced: 3017 cc 
Oil Saturation: (743-35)/4785 = 0.1480 
Water in the Core: (4785-743)-3017 = 1025 cc 
Water Saturation: 1025/4785 = 0.2142 
Movable Water: 4785-664-743 -  3378 cc 
Movable Water Displacement Efficiency: 3017/3378 = 0.893 
Gasflood 2nd Cycle
Oil Produced: 20 cc
Water Produced: 5 cc
Oil Saturation: (743-35-20)/4785 = 0.1438
Water in the Core: (4785-743)-3017-5= 1020 cc
Water Saturation: 1020/4785 = 0.2132
SCWD
Water in the Core before SCWD: 1020 cc 
Injected Water 3757 cc 
Water Produced: 1510 cc
Water in the Core after SCWD: 3757-1510+1020 = 3267 cc 
Water Saturation: 3267/4785 = 0.6828 
Oil Produced: 150 cc
Oil Saturation: (743-35-20-150)/4785 = 0.1124 
Gas Saturation: 1-0.1124-0.6828 = 0.2048
Table A4 Sandpack Run #1 Oil Saturation vs. Time.
Time Oil Saturation
0 15.53
4.41 14.80
6.41 14.80
7.01 14.38
8.8 11.24
Sandpack Run #2
Pore Volume (PV): 4785 cc
Oilfiood
Oil Pumped: 4316 cc
Oil Produced: 107 cc
Oil Left in the Core: 4109 cc
Initial Oil Saturation: 4109/4785 = 0.8588
Irreducible Water. 4785-4109 = 676 cc
Irreducible Water Saturation: 1-0.8588 =0.1413
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Waterflood
Oil Produced: 3364 cc 
Oil Left in the Core: 4109-3364 = 745 cc 
Residual Oil Saturation: 745/4785=0.1557 
Gasflood 1st Cycle
Oil Produced: 10 cc 
Water Produced: 3256 cc 
Oil Saturation: (745-l0)/4785 = 0.1536 
Water in the Core: (4785-745)-3256 = 784 cc 
Water Saturation: 784/4785 = 0.1638 
Movable Water: 4785-676-745 = 3364 cc 
Movable Water Displacement Efficiency: 3256/3364 = 0.9679 
Gasflood 2nd Cycle
Oil Produced: 7 cc
Water Produced: 145 cc
Oil Saturation: (745-10-7)/4785 = 0.1521
Water in the Core: (4785-745)-3256-145= 639 cc
Water Saturation: 639/4785 = 0.1335
SCWD
Water in the Core before SCWD: 639 cc 
Injected Water 4032 cc 
Water Produced: 1641 cc
Water in the Core after SCWD: 4032-1641+639 = 3030 cc 
Water Saturation: 3030/4785 = 0.6332 
Oil Produced: 157 cc
Oil Saturation: (745-10-7-157)/4785 = 0.1193 
Gas Saturation: 1-0.1193-0.6332 = 0.2475
Table A5 Sandpack Run #2 Oil Saturation vs. Time.
Time Oil Saturation
0 15.56
4.75 15.36
30.18 15.21
30.18 15.21
34.18 11.93
Berea Sandstone Run #1 
Pore Volume (PV): 757 cc 
Oilflood
Oil Pumped: 534 cc
Oil Produced: 114 cc
Oil Left in the Core: 420 cc
Initial Oil Saturation: 420/757 = 0.5548
Irreducible Water 757-420 = 337 cc
Irreducible Water Saturation: 1-0.5548 = 0.4452
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Waterflood
Oil Produced: 191 cc 
Oil Left in the Core: 420-191 = 229 cc 
Residual Oil Saturation: 229/757 = 0.3025 
Gasflood 1st Cycle
Oil Produced: 74 cc 
Water Produced: 152 cc 
Oil Saturation: (229-74)/757 = 0.2048 
Water in the Core: (757-229)-l52 = 376 cc 
Water Saturation: 376/757 = 0.4967 
Movable Water 757-337-229 = 191 cc 
Movable Water Displacement Efficiency: 152/191 = 0.7958 
Gasflood 2nd Cycle
Oil Produced: 24 cc
Water Produced: 18 cc
Oil Saturation: (229-74-24)/757 = 0.1731
Water in the Core: (757-229)-152-18= 358 cc
Water Saturation: 358/757 = 0.4729
SCWD
Water in the Core before SCWD: 358 cc 
Injected Water 452 cc 
Water Produced: 309 cc
Water in the Core after SCWD: 452+358-309 = 501 cc 
Water Saturation: 501/757 = 0.6618 
Oil Produced: 27 cc
Oil Saturation: (229-74-24-27)/757 = 0.1374 
Gas Saturation: 1-0.1374-0.6618 = 0.2008
e A6 Berea Sandstone Run #1 Oil Saturation vs. T
Time Oil Saturation
0 3025
424 20.35
11.99 20.35
11.99 17.31
13.15 13.74
Berea Sandstone Ran #2 
Pore Volume (PV): 757 cc 
Oilflood
Oil Pumped: 615 cc
Oil Produced: 188 cc
Oil Left in the Core: 427 cc
Initial Oil Saturation: 427/757 = 0.5641
Irreducible Water: 757-427 = 330 cc
Irreducible Water Saturation: 1-0.5641 = 0.4359
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Waterflood
Oil Produced: 162 cc 
Oil Left in the Cote: 427-162 = 265 cc 
Residual Oil Saturation: 265/757 = 0.3501 
Gasflood 1st Cycle
Oil Produced: 82 cc 
Water Produced: 153 cc 
Oil Saturation: (265-82)/757 = 0.2417 
Water in the Core: (757-265M53 = 339 cc 
Water Saturation: 339/757 = 0.4478 
Movable Water 757-330-265 = 162 cc 
Movable Water Displacement Efficiency: 153/162 = 0.9444 
Gasflood 2nd Cycle
Oil Produced: 29 cc
Water Produced: 20 cc
Oil Saturation: (265-82-29)/757 = 0.2034
Water in the Core: (757-265)-153-20= 319 cc
Water Saturation: 319/757 = 0.4214
SCWD
Water in the Core before SCWD: 319 cc 
Injected Water 530 cc 
Water Produced: 356 cc
Water in the Core after SCWD: 530+319-356 = 493 cc 
Water Saturation: 493/757 = 0.6513 
Oil Produced: 19 cc
Oil Saturation: (265-82-29-19)/757 = 0.1783 
Gas Saturation: 1-0.1783-0.6513 = 0.1704
Tab e A7 Berea Sandstone Run #2 Oil Saturation vs. Time.
Time Oil Saturation
0 35.01
4.75 24.18
43 24.18
43 20.35
4629 17.84
Berea Sandstone Run #3 
Pore Volume (PV): 757 cc 
Oilflood
Oil Pumped: 435 cc
Oil Produced: 19 cc
Oil Left in the Core: 416 cc
Initial Oil Saturation: 416/757 = 0.5495
Irreducible Water: 757-416 = 341 cc
Irreducible Water Saturation: 1-0.5495 = 0.4505
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Waterflood
Oil Produced: 153 cc 
Oil Left in the Core: 416-153 = 263 cc 
Residual Oil Saturation: 263/757 = 0.3478 
Gasflood Ist Cycle
Oil Produced: 64 cc
Water Produced: 157 cc
Ofl Saturation: (263-64)7757 = 0.2629
Water in the Core: (757-263)-157 = 337 cc
Water Saturation: 337/757 = 0.4452
Movable Water 757-341-263 = 153 cc
Movable Water Displacement Efficiency: 153/153 = 1.0000
SCWD
Water in the Core before SCWD: 337 cc 
Injected Water 305 cc 
Water Produced: 210 cc
Water in the Core after SCWD: 305+337-210 = 432 cc 
Water Saturation: 432/757 = 0.5706 
Oa Produced: 34 cc
Oa Saturation: (263-64-34)/757 = 0.2180 
Gas Saturation: 1-0.2180-0.5706 = 0.2114
Gas Saturation after SCWD from Gas Material Balance.
Gas Production: 15825 cc 
Gas Dissolved in (HI: 28*279.5 = 7826 cc 
Gas from the Core Pore Space: 15825-7926 = 7899 cc 
Methane Properties (after Craft and Hawkins 1991): 
pc =673.1 psia 
Tc = 343.2 °R 
Ppr = 2000/673.1 =2.97 
Tc = (460+205)/343.2 = 1.9376 
z = 0.924
( p n  V„)/(T|» Z n )  =  (pi V O / C T t  Z i )
(14.7*7899)/(535* I) = (2000 V0/(665*0.924)
Vi = 66.68 cc
Gas Saturation Before SCWD: 1-0.2629-0.4452 = 0.2919 
Gas Saturaton Reduction due to SCWD: 67/757 = 0.0885 
Gas Saturation After SCWD: 0.2919-0.0885 = 0.2034
Table A8 Berea Sandstone Run #3 CHI Saturation vs Time.
Time Oil Saturation
0 34.8
3 26.4
3.78 21.88
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In Berea Sandstone Run #3 all produced fluids were measured. DDP phase (Table A9) 
started at residual oil saturation after waterflood. SCWD (Table AIQ) was initiated 
immediately after gas cut in DDP phase exceeded 95% at reservoir pressure.
Table A9 Berea Sandstone Run #3 DDP Production data.
Tane
(hours)
W ater
(cc)
Oil
(cc)
Gas
(cc)
0 0 0 0
4.83 24 0 80
8.35 39 0 140
17.42 66 0 200
21.48 89 0 260
22.55 93 0 290
25.15 102 0 310
32.07 126 0 360
42.05 156 4 460
44.52 160 12 800
46.45 160 18 1040
48.85 163 23 1270
49.85 164 26 1380
50.83 164 28 1450
53.03 169 28 1500
54.37 172 30 1620
56.13 172 36 1760
59.07 176 40 2140
61.92 180 41 2620
65.17 181 47 3520
672 182 49 4280
6827 183 50 4600
69.58 183 52 4940
71.45 185 52 5440
71.72 185 52 5540
Table A10 Berea Sandstone Run #3 SCWD Production Data.
Time Water 09 Gas
(hours) (cc) (cc) (cc)
0 0 0 0
1.08 0 0 2225
3 2 0 0 6595
3.77 0 0 7595
4.38 0 0 8715
4.97 0 0 9775
5.37 0 0 11715*
6.87 0 1 13985
8 12 7 14285
8.9 24 11 14505
9.82 36 15 14780
10.75 46 20 15045
(table con’d)
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12.78 78 22 15305
15.75 126 26 15585
18.75 186 28 15825
* Gasometer leak, gas production averaged from previous gas production rate
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APPENDIX B
IFT  DATA AND CALCULATIONS
Calibration EFT Measurements
Water Density @ 26.4 C: 0.99667 g/cc 
Heptane Density @20 C: 0.6838 g/cc 
Dichloromethane Density @ 20 C: 1.3255 g/cc 
Air Density @ 14.7 psia: 0 g/cc
Pendant Drop Calculation Example
P (W/Gl) = 0.12836-0.7577*0.7987+1.7713*0.7987A2-0.5426*0.7987A3 = 0.37667 (Eq. 
2.6)
Ro (W/Gl) = (3.570/1000)/[2(0.9987+0.1971*0.37667-0.0734*0.37667A2-0.34708* 
0.37667A3)] = 0.001651129 (Eq. 2.7)
c(W/Gl) = 0.9966*1000*9.8066*0.001651129A2/0.37667 = 0.07074 N/m = 70.74 
mN/m (Eq. 2.5)
Table B1 Pendant Drop IFT Calibration Data.
Interface D, (mm) S <x(Nm/m)
W/G1 3.570 0.7987 70.74
W/G2 3.595 0.7765 7724
W/G3 3.600 0.7780 77.07
W/G4 3.606 0.7856 75.38
W/G5 3.627 0.7809 77.47
H/G1 2.573 0.8643 20.44
H/G2 2.535 0.8741 1925
H/G3 2.541 0.8673 19.75
H/G4 2.525 0.8747 19.06
H/G5 2.521 0.8765 18.90
D/W1 3.669 0.7454 29.55
D/W2 3.692 0.7574 28.69
D/W3 3.755 0.7563 29.79
D/W4 3.704 0.7534 2923
D/W5 3.724 0.7494 30.01
D/G1 2.262 0.8852 28.71
0/G2 2.249 0.8810 28.75
D/G3 2.255 0.8910 28.03
D/G4 2.235 0.8932 27.36
D/G5 2250 0.8787 28.87
H/W1 4.452 0.7070 47.09
H/W2 4.413 0.6964 45.15
H/W3 4.460 0.7130 44.86
H/W4 4.444 0.7064 4520
H/W5 4.394 0.7079 43.05
94
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Where:
W/G - Water/Gas Interface 
H/G - Heptane/Gas Interface 
D/W -Dichloromethane/Water Interface 
D/G - Dichloromethane/Gas Interface 
H/W - Heptane/Water Interface
Spreading Coefficient Measurements (@205 F & 2000 psfa)
Fresh Water Density: 0.963565 g/cc 
30 K KC1 Brine Density: 0.983655 g/cc 
Methane Density: 0.07679 g/cc 
Nitrogen Density: 0.1192 g/cc 
Live Oil Density: 0.73715 g/cc 
Dead Oil Density: 0.8182 g/cc
Table B2 Dead Oil-Nitrogen-Fresh Water Data.
Interface D, (mm) S <r(Nm/rn)
W/G1 3.390 0.8015 53.54
W/G2 3.425 0.7917 56.45
W/G3 3.425 0.7992 55.07
W/G4 3.434 0.8023 54.8
W/G5 3.460 0.7963 56.74
0/G1 2.339 0.9123 14.91
0/G2 2.364 0.9216 14.81
0/G3 2.365 0.9103 15.33
0/G4 2.350 0.8943 15.9
0/G5 2.386 0.8997 16.12
0/W1 5.328 0.7355 27.49
0/W2 5250 0.7095 29.33
0/W3 5.286 0.7365 26.97
0/W4 5.245 0.7254 27.63
0/W5 5.286 0.7283 27.77
Where:
W/G - Water/Gas Interface 
O/G - Oil/Gas Interface 
O/W - Oil/Water Interface
Save = 55.32-27.838-15.414 = 12.068 mN/m (Eq. 2.15)
Table B3 Dead Oil-Nitrogen-Brine Data.
Interrace D, (mm) S cr (mN/m)
W/G1 3.376 0.6232 50.66
W/G2 3.315 0.8203 49.31
W/G3 3.350 0.8203 50.35
(table con’d)
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W/G4 3.334 0.8121 5121
W/G5 3.318 0.8195 49.52
0/G1 2.339 0.9123 14.91
0/G 2 2.364 0.9216 14.81
0/G3 2.365 0.9103 15.33
0/G 4 2.350 0.8943 15.9
0/G 5 2.386 0.8997 16.12
0/W1 4.299 0.6924 24.73
0/W 2 4.216 0.6986 2324
0/W3 4233 0.6797 25.16
G/W4 4233 0.7013 232
0/W 5 4284 0.7033 2328
Save = 50.21-23.982-15.414 = 10.814 mN/m
Table B4 Live Oil-Methane-Brine Data.
Interface D, (mm) S a  (mN/m)
W/G1 3.139 0.7639 55.93
W/G2 3.131 0.7506 5826
W/G3 3.115 0.7877 50.82
W/G4 3.111 0.7943 49.59
W/G5 3205 0.7744 5626
0/G1 2.079 0.8939 11.77
0/G2 21379 0.9167 11.62
0/G3 20040 0.9419 9.47
0/G 4 2028 0.9218 1029
0/G5 2070 0.9224 10.71
0/W1 4.161 0.7530 27.74
0/W 2 4201 0.7616 27.45
0/W3 4263 0.7542 28.99
0/W4 4222 0.7651 27.39
0/W5 4222 0.7530 28.56
Save = 54.172-28.026-10.772 = 15.374 mN/m
Water/Nitrogen Surface Tension
Table B5 50 K NaQ Brine Density, (g/cc).
Temp (°C)/ 
Pressure fpsia)
53.3 65.9 80.8 94.4 111.8 1262
1500 1.01988 1.01346 1.005275 0.997252 0.98627 0.976612
2000 1.02063 1.01424 1.006082 0.998084 0.987132 0.977499
2500 1.02151 1.01515 1.007019 0.999048 0.988128 0.97852
3000 1.02252 1.01619 1.008088 1.000144 0.989258 0.979676
3500 1.02366 1.01736 1.009289 1.001374 0.990523 0.980968
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Table B6 Nitrogen Density, (kg/m3).
Tem pfC )/ 
Pressure fosia)
53.3 65.9 80.8 94.4 111.8 1262
1500 105.35 100.86 - 95.59 92.06 87.56 83.66
2000 137.13 131.13 124.36 119.76 113.91 108.84
2500 168.90 161.4 153.14 147.49 14027 134.02
3000 199.53 190.64 180.99 174.34 165.18 158.48
3500 226.00 216.18 205.5 198.07 184.59 180.37
Table B7 Water/Nitrogen De Values (mm).
Temp (°C)/ 
Pressure Costa)
53.3 65.9 80.8 94.4 111.8 126.2
1500 3.509 3.493 3.468 3.430 3.354 3.339
1500 3.554 3.464 3.501 3.430 3.379 3.339
1500 3.522 3.461 3.476 3.422 3.351 3.345
1500 3.522 3.467 3.506 3.450 3.387 3.356
1500 3.519 3.541 3.484 3.462 3.362 3.334
2000 3.559 3.519 3.466 3.443 3.348 3.336
2000 3.543 3.533 3.482 3.455 3.390 3.359
2000 3.535 3.503 3.536 3.455 3.377 3.363
2000 3.541 3.490 3.484 3.436 3.402 3.336
2000 3.527 3.511 3.479 3.488 3.340 3.325
2500 3.628 3.566 3.506 3.413 3.409 3.360
2500 3.620 3.552 3.490 3.443 3.401 3.350
2500 3.602 3.561 3.517 3.451 3.401 3.384
2500 3.610 3.558 3.455 3.460 3.394 3.392
2500 3.602 3.582 3.514 3.468 3.368 3.338
3000 3.617 3.557 3.466 3.436 3.448 3.433
3000 3.631 3.569 3.509 3.468 3.424 3.426
3000 3.624 3.525 3.501 3.444 3.455 3.368
3000 3.596 3.519 3.460 3.463 3.448 3.379
3000 3.620 3.533 3.493 3.465 3.448 3.391
3500 3.687 3.587 3.562 3.520 3.493 3.396
3500 3.631 3.577 3.562 3.572 3.483 3.396
3500 3.628 3.597 3.562 3.510 3.451 3.376
3500 3.620 3.572 3.591 3.517 3.468 3.423
3500 3.635 3.540 3.535 3.507 3.451 3.411
Table B8 Water/Nitrogen S Values.
Temp (°C)/ 
Pressure (psia)
53.3 65.9 80.8 94.4 111.8 126.2
1500 0.7963 0.7841 0.7845 0.7846 3.354 0.8027
1500 0.8027 0.7945 0.7865 0.7846 3.379 0.8071
1500 0.8101 0.8028 0.7850 0.7841 3.351 0.7978
1500 0.7941 0.7895 0.7791 0.7807 3.387 0.7948
1500 0.7909 0.7891 0.7879 0.7829 3.362 0.8089
2000 0.7955 0.7886 0.7816 0.8000 3.348 0.8085
2000 0.7923 0.7886 0.7755 0.7957 3.390 0.8141
2000 0.7896 0.7818 0.7712 0.7806 3.377 0.7938
(table con’d)
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2000 0.8005 0.7878 0.7903 0.7866 3.402 0.8107
2000 0.7846 0.7995 0.77Q1 0.7833 3.340 0.8085
2500 0.7820 0.7790 0.7767 0.7785 3.409 0.7996
2500 0.7860 0.7859 0.7944 0.8043 3.401 0.8161
2500 0.7818 0.7954 0.7990 0.7833 3.401 0.8018
2500 0.7800 0.7694 0.8056 0.7780 3.394 0.7955
2500 0.7955 0.7755 0.7749 0.7871 3.368 0.8072
3000 0.7830 0.7763 0.7837 0.7825 3.448 0.7835
3000 0.7785 0.7844 0.7894 0.7957 3.424 0.7744
3000 0.7732 0.7673 0.7889 0.7872 3.455 0.7948
3000 0.7732 0.7885 0.7934 0.7941 3.448 0.7926
3000 0.7883 0.7839 0.7953 0.7862 3.448 0.7991
3500 0.7379 0.7708 0.7740 0.7736 3.493 0.7995
3500 0.7785 0.7795 0.7785 0.7683 3.483 0.7972
3500 0.7573 0.7679 0.7785 0.7869 3.451 0.8126
3500 0.7590 0.7822 0.7840 0.7789 3.468 0.8004
3500 0.7406 0.7870 0.7715 0.7924 3.451 0.8094
Table B9 Water/Nitrogen Surface Tension.
Temp (°C)/ 
Pressure fosia)
53.3 65.9 80.8 94.4 111.8 1261
1500 62.55 65.02 63.88 62.15 57.05 54.71
1500 63.49 61.77 64.66 6115 58.74 53.93
1500 60.86 60 64.06 61.96 55.06 55.81
1500 64.14 62.91 66.47 63.71 57.09 56.73
1500 68.46 65.71 63.73 63.68 5713 53.78
2000 62.98 6197 6144 57.8 53.96 5113
2000 63.08 63.48 64.33 59.03 55.81 51.9
2000 63.39 63.84 67.31 6108 55.38 55.6
2000 61.33 62.11 61.28 60.18 5611 516
2000 64.14 60.47 65.4 617 55.13 51.79
2500 66.07 64.56 619 59.09 56.06 5194
2500 64.9 6159 58.75 55.19 5619 49.86
2500 65.17 60.95 58.76 59.44 54.31 53.31
2500 65.85 66.4 55.49 60.83 54.16 54.69
2500 62.26 65.92 63.57 5917 5195 50.96
3000 63.16 6168 58.16 57.3 57.61 56.69
3000 64.63 61.41 58.48 55.86 56.01 5811
3000 65.54 63.46 58.32 56.67 56.14 5155
3000 64.54 58.89 56.12 56 55.19 5318
3000 62.17 60.28 56.83 57.55 54.39 5152
3500 63.21 63.03 63.47 60.28 60.12 51.28
3500 62.64 60.86 6151 631 60.06 51.67
3500 67.23 64.01 6151 57.32 57 48.55
3500 66.54 60.14 60.62 59.11 58.48 51.95
3500 64.72 58.13 63.04 56.18 57 50.09
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Table B 10 Methane Density, (kg/m3).
Temp (“C)/ 
Pressure fpsia)
515 66.8 78.8 95.4 109.0 126.8
1500 69.44 65 60.96 57.67 54.98 51.44
2000 93.56 8717 81.58 76.99 7313 6819
2500 117.68 . 109.54 102.19 96.3 91.47 85.14
3000 140.55 130.83 122.04 114.92 109.13 101.51
3500 158.71 148.43 139.09 131.01 124.68 116.16
Table B11 Water/Methane De Values (mm).
Temp (°C)/ 
Pressure fpsta)
52.5 66.8 78.8 95.4 109.0 126.8
1500 3.444 3.363 3.360 3.318 3182 3183
1500 3.439 3.388 3.359 3182 3181 3149
1500 3.431 3.386 3.353 3.327 3195 3157
1500 3.460 3.382 3.370 3.326 3178 3175
1500 3.447 3.372 3.364 3.319 3.305 3158
2000 3.390 3.364 3.328 3.308 3199 3128
2000 3.423 3.378 3.360 3.308 3155 3149
2000 3.397 3.383 3.340 3.360 3155 3135
2000 3.402 3.370 3.351 3.337 3156 3121
2000 3.394 3.394 3.324 3.307 3191 3164
2500 3.368 3.368 3.326 3184 3.331 3.220
2500 3.371 3.381 3.318 3167 3196 3110
2500 3.408 3.365 3.356 3.309 3182 3116
2500 3.385 3.389 3.329 3.309 3.300 3127
2500 3.385 3.356 3.310 3193 3.303 3120
3000 3.387 3.310 3.350 3169 3181 3121
3000 3.383 3.324 3.353 3198 3184 3139
3000 3.415 3.371 3.341 3.305 3177 3157
3000 3.381 3.327 3.374 3190 3153 3135
3000 3.388 3.327 3.367 3100 3191 3.224
3500 3.391 3.361 3.324 3194 3156 3.182
3500 3.357 3.359 3.315 3198 3163 3114
3500 3.368 3.356 3.344 3.308 3145 3117
3500 3.378 3.321 3.314 3.318 3170 3114
3500 3.387 3.366 3.329 3189 3145 3100
Table B12 Water/Methane S Values.
Temp (°Cy 
Pressure fpsia)
515 66.8 78.8 95.4 109.0 126.8
1500 0.7949 0.8075 0.7988 0.8063 0.8099 0.8039
1500 0.8047 0.8025 0.7990 0.8097 0.8049 0.8105
1500 0.7949 0.8012 0.7984 0.8000 0.7996 0.8107
1500 0.8005 0.8016 0.7990 0.8034 0.7951 0.8069
1500 0.8028 0.8086 0.8024 0.8051 0.7996 0.8118
2000 0.8038 0.7987 0.7908 0.8004 0.8047 0.8148
2000 0.7966 0.8038 0.8046 0.7983 0.8155 0.8148
(table con’d)
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2000 0.7980 0.7992 0.7930 0.8065 0.8026 0.8174
2000 0.8038 0.8098 0.7910 0.8043 0.8013 0.8166
2000 0.8076 ' 0.7928 0.8142 0.8017 0.8034 0.8069
2500 0.8017 0.7844 0.8000 0.8030 0.8026 0.8134
2500 0.8025 0.7928 0.8082 0.8022 0.8039 0.8113
2500 0.8033 0.8053 0.8004 0.8038 0.8139 0.8074
2500 0.8054 0.7859 0.8094 0.8166 0.8099 0.8074
2500 0.7972 0.7837 0.8047 0.8055 0.8043 0.8134
3000 0.7870 0.7940 0.8074 0.8034 0.7978 0.8198
3000 0.7915 0.7885 0.8082 0.8038 0.8116 0.8158
3000 0.7928 0.7970 0.7931 0.7979 0.8116 0.8053
3000 0.7928 0.8043 0.7966 0.8068 0.8026 0.8184
3000 0.7932 0.8021 0.8116 0.7996 0.8077 0.8074
3500 0.7933 0.7894 0.7913 0.8064 0.8078 0.8128
3500 0.8079 0.7927 0.8009 0.7953 0.8103 0.8216
3500 0.8142 0.8090 0.7961 0.8030 0.8164 0.8224
3500 0.7954 0.7854 0.8065 0.8063 0.8043 0.8194
3500 0.8042 0.7953 0.8009 0.8122 0.8056 0.8220
Table B13 Water/Methane Surface Tension.
Temp (°C)/ 
Pressure (psia)
52.5 66.8 78.8 95.4 109.0 126.8
1500 63.57 58.03 59.35 56.19 53.85 54.59
1500 61.38 59.95 59.28 54.37 54.71 52.32
1500 63.09 60.06 59.18 55.71 56.14 52.55
1500 62.99 59.84 59.66 57 56.39 53.79
1500 62.05 58.53 58.79 56.44 56.48 52.39
2000 58.35 58.42 58.53 55.82 54.31 50.05
2000 60.91 57.93 57.01 56.21 51.04 50.71
2000 59.71 58.98 58.53 56.45 53.24 49.85
2000 58.76 56.53 59.3 56.08 53.49 49.55
2000 57.76 60.64 54.07 55.55 54.28 52.51
2500 56.53 59.99 55.5 53.46 54.7 49.16
2500 56.48 58.79 53.77 53.04 53.32 49.19
2500 57.58 55.88 56.44 54.13 51.18 50
2500 56.41 60.44 53.92 51.92 52.42 50.35
2500 57.96 59.7 54.13 53.31 53.48 49.16
3000 58.58 54.86 53.82 51.87 52.92 47.36
3000 57.57 56.35 53.77 52.73 50.67 48.52
3000 58.41 56.34 56.11 53.99 50.46 50.76
3000 5725 53.58 56.56 51.96 51.21 47.99
3000 57.41 53.97 53.63 53.53 51.54 49.4
3500 56.39 56.37 54.87 51.28 49.62 46.56
3500 52.67 55.69 52.87 53.53 49.42 46.17
3500 51.93 52.69 54.66 52.30 47.92 46.14
3500 55.57 55.78 51.88 52.05 50.62 46.5
3500 54.27 55.45 53.32 50.16 49.64 45.71
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Table B 14 Drop Volume Water/Nitrogen Surface Tension.
Pressure
(psia)
D(mm) 
66 C
<7 (mN/m) 
66C
D(mm)
6 6 0
a  (mN/m) 
66C
1500 1.998 46.79 1.813 34.71
1500 1.956 43.90 1.934 42.13
1500 1.995 46.58 1.903 40.14
1500 1.941 42.90 1.932 4200
1500 1.970 44.85 1.950 43.19
2000 2.015 46.49 1.912 39.55
2000 1.998 45.32 1.906 39.18
2000 1.965 43.12 1.862 36.53
2000 1.958 42.66 1.918 39.92
2000 2.042 48.38 1.903 38.99
2500 2.003 44.15 1.888 36.87
2500 2.013 44.81 1.904 37.82
2500 1.997 43.75 1.918 38.66
2500 2.015 44.95 1.895 3729
2500 2.010 44.61 1.912 38.30
3000 2.009 43.07 1.934 38.44
3000 1.961 40.08 1.877 35.14
3000 2.027 44.24 1.897 3628
3000 1.989 41.80 1.934 38.44
3000 2.023 43.98 1.946 39.16
3500 2.056 44.81 1.986 40.49
3500 2.009 41.80 1.972 39.64
3500 2.047 4422 1.972 39.64
3500 2.063 4526 1.966 3928
3500 2.011 41.92 1.961 38.98
Drop Volume Method Calculation Example 
Water Density @ 1500 psia & 66 C: 1.01246 g/cc 
Nitrogen Density @ 1500 psia & 66 C: 0.10086 g/cc 
Tip Diameter 0.254 mm
Volume of the Drop: (1.998/1000)A3*3.14/6 = 4.17623 E-9 m3
cr (1500 psia, 66 Q  = [(1.01246-0.10086)*1000*9.8066*4.17623E-9]/(3.14*
0.254/1000)= 0.046786 N/m = 46.79 mN/m (Eq. 2.8)
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APPENDIX C 
CO RE CLEAN ING PROCEDURE
A core with its pore space saturated with 30,000 ppm KC1 brine (for Berea 
sandstone) or degassed water (sandpack) is defined as a clean core for the purpose of 
coreflood experiments. At the end of a coreflood, there is a mixture of oil, water and gas 
(or gases) present in the core. In order to restore the core to its initial strongly water-wet 
state an extensive cleaning procedure is needed. For corefloods performed at high 
temperature, the cleaning must be also performed at high temperature to avoid 
asphaltene precipitation. It is recommended that the cleaning temperature be the same as
that used during experiment, but 140°F should not be exceeded to avoid excessive 
vaporization of isopropyl alcohol OP A) and xylene. The following cleaning procedure 
was used for both Berea sandstone and sandpack cores.
1. Flush with 4 to 5 pore volumes (PV’s) of 30,000 KCl brine from bottom to top or 
until no more gas was produced. This step was also repeated from top to bottom. 
During all cleaning steps the pressure drop should not exceed 200 psi across the 
Berea core to avoid core fracturing. For sandpack cleaning, fluid flow rates 
should not exceed 500 cc/hr for all fluids to avoid creating channels in the core.
2. Flush with 2 to 3 PV’s of 15,000 ppm KCl brine in both directions to displace 
30,000 ppm KCl brine which may precipitate crystals of KCl in the presence of 
IPA (this step is only for Berea cores).
3. Flush with 2 PV’s of IPA in both directions to solubilize oil and displace 15,000 
ppm KCl brine (IPA is miscible with both water and xylene). All water must be
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displaced by IPA since xylene and water are immiscible.
4. Flush with 2 PV’s of xylene or until no more oil is solubilized and a clear effluent
is obtained in both directions.
5. Flush with 2 PV’s (in each direction) of IPA or until no more oil is solubilized
and clear effluent is obtained. During this step, all xylene must be displaced by 
IPA since xylene and water are immiscible.
6. Flush with 2 PV’s (in each direction) of 15,000 ppm KCl brine to displace IPA
(this step is for Berea cores only).
7. Flush with 2 PV’s (in each direction) of 30,000 ppm KCl brine to restore the core
to its initial state. After the cleaning process is finished, the core is ready for the 
next flood.
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